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Abstract
Insight into the Selectivity of Molecular
Imprinted Polymer Phases

Molecular imprinting is a relatively new technique used to prepare a polymer that
selectively binds a particular target molecule. A molecular imprint is formed by placing a
template molecule into a solution of monomers and initiating a polymerization. As the reaction
proceeds, an 'impression' ofthe template is molded into the backbone of the growing polymer.
When the polymerization is complete and the template is removed, the polymer can selectively
rebind the template compound from a solution containing several related compounds. Preparing
an imprinted polymer requires careful selection ofmonomer(s) that will interact with the
template molecule during the polymerization and the selectivity of the polymer is sensitive to the
number and strength of these interactions. In this work, we explore the interactions responsible
for the selectivity of molecular imprinted polymers (MIP's) from two standpoints. First, the
interactions governing the rebinding of a template to its imprint are characterized for a simple
template-MIP system. It is shown that the template rebinds to the imprinted site by a cooperative
process involving both complementary hydrogen bonding and steric interactions. Secondly, by
Infrared (IR) Spectroscopy, we explore the interactions leading to a successful imprint of a
sophisticated pharmaceutical molecule. In this study, the selectivity of the imprint is predicted
based on the strength and number of the hydrogen bonding interactions observed between the
template and monomers in solution prior to the polymerization. For both studies, the imprinted
polymers are used as stationary phases in High-Performance Liquid Chromatography (HPLC) to
evaluate their selectivity_
1lI
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Chapter 1.
Introduction - Development of Chiral Chromatography

Chromatography

Chromatography is a process used to separate a mixture of compounds by distributing the
compounds between two phases: a mobile phase and a stationary phase. This technique was
invented nearly a century ago by a botanist named Michail S. Tswett, whose interest in the
separation and purification of plant pigments lead to the first separation of these materials using

I

a stationary phase made of paper [1-2]. A typical chromatographic system consists of a gas or
liquid mobile phase that is passed over a solid or liquid stationary phase. These chromatographic

1

!

techniques have thus been coined gas chromatography (GSC for a solid and GLC for a liquid

II

stationary phase) and liquid chromatography (LSC for a solid and LtC for a liquid stationary

!

phase) respectively. To achieve a separation, a mixture is introduced to one end of a

1
!,

chromatographic system composed of a mobile phase flowing through (or over) a stationary

II

phase. The flowing mobile phase forces the components of the mixture to move toward the

1
I

opposite end of the chromatographic system where detection occurs. In the process of traversing
the chromatographic system, each component is distributed differently between the stationary
and mobile phases. A component that interacts strongly with the stationary phase will spend
more time in the stationary phase and, as a result, will be retained longer than a weakly
interacting component that primarily remains in the mobile phase. Because each component
arrives at the opposite side of the chromatographic system and is detected at a different time, a
separation is achieved. For a chromatographic process controlled by thermodynamics, the
separation oftwo components is achieved only when the free energy change (~G) upon

transferring from the mobile phase to the stationary phase is different for each component (see
below). This free energy difference exists because the range of chemical interactions governing
the distribution of a mixture of components between the mobile phase and stationary phase (i.e.
electrostatic, dipole, and hydrophobic forces [3 1) are often different for each component.

The development of High-Performance Liquid Chromatography (HPLC) in the late
1960's transformed Liquid Chromatography into a modem, efficient separation technique
HPLCutilizes a chromatographic column packed with a small particles

(~m

[41.

dimensions) of

I

stationary phase. The mobile phase is passed through the column using a high pressure pump

I

technique achieves rapid, high resolution separations of components of a mixture. A block

1

!
1

and the sample is introduced to one end of the column through an injection valve. This

diagram of a typical HPLC system is given in Figure 1-1

[51.

j

Two major classes of liquid chromatography are characterized by the relative polarity of
the stationary and mobile phases. 'Normal' phase liquid chromatography (NPLC) utilizes non
polar organic solvents as the mobile phase to foster interaction of the analyte with a relatively
polar stationary phase

[6].

Solute retention in NPLC is typically determined by one or more of the

following interactions: hydrogen bonding, dipole-dipole, charge transfer. If several solutes
exhibit different polar interactions with a NPLC stationary phase, then a mixture of these solutes
are amenable to separation by this technique. Typical stationary phases for NPLC include bare
silica gel and silica modified with polar organic groups. Reversed phase liquid chromatography
(RPLC) utilizes phases that are the 'reverse' ofNPLC, that is, a polar mobile phase and a non

2

Figure 1-1 Block Diagram for a Typical HPLC System
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3

polar stationary phase are used

[71,

The mobile phase used in RPLC is water modified with a

polar solvent to foster hydrophobic interactions between the solute and the stationary phase,
Two common hydrophobic stationary phases used for RPLC are silica modified with C-8 (RP-8)
and C-18 (RP -18) hydrocarbon chains. Several solutes that possess different hydrophobic
substituents can typically be separated by RPLC.

Retention and Selectivity in HPLC

Mechanisms
Depending on how an analyte interacts with the stationary phase, its retention may be
described by either a partitioning or an adsorption process. Partitioning is a volume process that
occurs when the stationary phase is thick enough to accommodate an analyte [8J. Thus, retention
occurs by a distribution of analyte between the bulk mobile phase and bulk stationary phase. Some
models for reversed phase chromatography attribute retention to a partitioning of the analyte
between the hydro-organic mobile phase and the alkyl-silica bonded stationary phase, the latter
phase likened to a layer of bulk liquid hydrocarbon on a silica surface [8-12]. However, this theory
has been disputed in favor of pure adsorption or composite adsorption/partition mechanisms [13 1,

Adsorption is a process that occurs at a solid-liquid interface [8]. For HPLC, this type of
retention process may exist for a liquid mobile phase and a porous, solid stationary phase that is
impervious to the analyte

[13],

In this case, retention occurs when an analyte in the mobile phase

migrates to the solid phase and displaces adsorbed components of the mobile phase. Such a

4

displacement or competitive adsorption process dominates the retention in liquid chromatography
utilizing polar stationary phases (i.e. NPLC)

[13-15].

Analyte Equilibria
Retention of an analyte on a column can be related to the equilibrium distribution of the
analyte in the mobile and stationary phases during the chromatographic process.

l

For a partition mechanism, the distribution of an analyte between the mobile and stationary
phases is related to an equilibrium constant (K) for the ratio of the molar concentrations of analyte in

I

!

1

the mobile [A]m and stationary phases [A]s [16]:

1
t

I

K= [Als
[A]m

[1-1]

t

I

1

The retention factor (k) of an analyte is can be measured from the retention volume Vr (or
retention time t r) of an analyte taken at the maximum of its chromatographic peak by the following:

J

I}
f

~

i
1
;

[1-3]
or

1

I

[1-4]

l

I
!

l

I

where Vm is the volume of the mobile phase in the column or the 'dead volume' and tm is the
retention time of an unretained component that elutes in the dead volume of a chromatographic

~

i

I

!
1
1

5

iI
1

run. Thus the retention factor can be calculated by the retention volumes (or times) from the

I

II

I

1
t
i

peak maxima of the analyte and an unretained component. Figure 1-2 shows a chromatogram of
a separation of two components with the retention time of each peak labeled.

The equivalence of expressions [1-3] and [1-4] arises from the relationship between the retention
volume and mobile phase volumetric flow rate:

t
i

[1-5]

1
f

1

I

where: v is the volumetric flow rate of the mobile phase.

I

i

For a partitioning mechanism, the retention factor is related to the equilibrium constant

1

i

(K) by the following expression(s):

I

k

[1-6]

K<I>

j

Ii

where: <I> = [V s]/[Vm] and Vs is the volume of the stationary phase in the column [17].

J

t

i

Ii
j

I

Combining equations [1-1] and [1-6] reveals the physical significance of the retention factor as
the ratio of the molar amounts of analyte in the stationary phase (ns) and mobile phase (nm):

k =

[AldYs] = nsf nm
[A]m[Vm]

ii

1

6

[1-7]

Figure 1-2 Typical HPLC Chromatogram Showing the Separation of Two Components
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For adsorption processes, the phase ratio is more appropriately related to either the
surface area (S) of the stationary phase

[18-19]

or the number of sites available to the analyte Na on

the stationary phases such that [20]:

k

K(S/V rn )

[1-8]

or
k= K(Na/Vrn)

[1-9]

For equation 1-8, the equilibrium constant (K) is a Henry constant and for equation 1-9, K has

Energetic Considerations
For both partitioning and adsorption processes, the distribution constant (K) for the
analyte between the stationary and mobile phases is related to the thermodynamic parameters
governing this distribution. Classical thermodynamics relates this equilibrium constant to the
standard free energy change (AGO) that the analyte undergoes as it transfers from the mobile
phase to the stationary phase {3,16-171:

AGO

where:

-RT In K

R is the gas constant, T is the absolute temperature, and
AGO is the standard free energy for the transfer of the solute
from the mobile phase to the stationary phase.

8

[1-10]

The free energy can be expressed as:

[1-11]

Combining equations [1-2], [1-3], and [1-4] gives the following:

-RT In (k/<1» =

~Ho

- T~So

[1-12]

which rearranged gives the van't Hoff equation:

[1-13]

Equation [1-6] predicts that a plot ofln k vs. liT will be a straight line with the slope of
-(~HolR)

and an intercept of [(~SdR) + In <1>], providing that the thermodynamic parameters

governing the separation (i.e.

_~Ho

and

~SO)

do not change over the temperature range studied.

For separations utilizing a chiral stationary phase, the retention of each enantiomer of a
chiral compound can be described by its own retention factor, kJ and k2, for the first and second
eluted enantiomer. The ratio of these values is a measure of the selectivity (a) of the chiral
phase for the two enantiomers, a large and small a indicating substantial and minimal
enantioselectivity respectively:

[1-14 ]

9

From an energetic point of view, a can be related to the difference in the free energy of
interaction of the two enantiomers in the chromatographic system:

[1-15]

where:

For an adsorption process, this difference in free energy takes into account the difference
in free energy required for each enantiomer to desorb a competing mobile phase component from
stationary phase. If the energy required to desorb the competitor is the same for both
enantiomers, then the selectivity factor will be independent of the concentration of the mobile
phase competitor. If the selectivity changes with mobile phase competitor concentration, this
indicates that the energy to desorb the competitor is different at the adsorption sites available to
each enantiomer. Thus, varying the mobile phase competitor concentration is useful in probing
the nature of the sites on the stationary phase available to each enantiomer.

The chromatographic system does not only offer a means for separating a mixture
of compounds, but it can also be used as a tool for investigating the magnitude of the
thermodynamic forces driving the separation [3]. It is noteworthy that the above
relationships are often too simplistic to calculate exact thermodynamic parameters [21],
however, careful interpretation of the results of these calculations can provide an
understanding of important thermodynamic trends associated with a chiral separation.

10

Separation of Enantiomers I Chiral Chromatography

Enantiomers are isomers whose molecules are chiral. A chiral molecule is defined as one
that is not identical to its mirror image. Molecules that are superimposable on their mirror
images are achiral.

The pioneering work of Pasteur marked the beginning of enantiomeric separations. He
discovered that the spontaneous resolution of racemic ammonium sodium tartrate yielded two
enantiomorphic crystals. Solutions of hand-picked crystals gave a levo or dextro rotation of
polarized light. Because a difference in the optical rotation was observed in solution, he
proposed that, like the two sets of crystals, the molecules were mirror images of each other.
Furthermore, this discovery motivated Pasteur to study the influence of one asymmetric
compound upon another and introduced the methodology of resolution via diastereomer
formation. In his quest to understand the asymmetry and the specificity of biological systems, he
proved that only the dextro isomer of a racemic tartrate was totally consumed by fermentation,
while the levo remained intact. These three techniques: spontaneous resolution, diastereomeric
separation, and differential enzymatic reactivity were, for more than a century, the only methods
employed for enantiomeric purification [22].

Schlenk further contributed to the separation of enantiomers in 1952 with the
introduction of urea inclusion compounds

[23].

Urea forms inclusion compounds with a wide

variety of variable straight aliphatic chain compounds. The long chain aliphatic molecules are

I

included into hollow channels formed by the host molecule. The urea molecules form a right- or

Ii
!

1
]

4

11

~

1

t

1

II
1

left-handed screw along the channel, forming an enantiomorphous lattice, which includes
enantiomers with different affinities. Trace amounts of chiral compound will induce the
formation of only one of the chiral forms. This property of urea was utilized by Schlenk to
resolve enantiomers such as chloro-octane with an enantiomeric yield of 95%.

1
i

j

Another approach was employed by Dickey

I

[24]

who produced silica gel in the presence

i

of organic molecules. These molecules were later extracted, leaving an imprint. Such surfaces

I

had a higher affinity for the imprinted molecule than other related compounds. Similarly, silica

iJ

1
i
~

!
1

!t

gel, can be produced in the presence of a chiral molecule leading to a surface with higher affinity
for the imprinted enantiomer. For example, imprinting with (+)-N-methyl-3-methoxymorphinan
produced a 30% enantiomeric enrichment of its racemate

1

[25].

Introduction of chromatography produced a breakthrough for the field of chiral

j

I

separations. It was understood that to achieve such separations, at least one of the phases

~

enantiomer. Complete separations were obtained using paper chromatography, while other

I
I
!

asymmetric supports produced only partial or no resolution. In 1939, Henderson and Rule

ii

Ii
j

I

(stationary or mobile) should have an asymmetry leading to a preferential complexation of one

demonstrated separation of d,l-p-phenylenediiminocamphor on d-Iactose. In 1951, Kotake et al.
[27]

studied the influence of a chiral mobile phase on the resolution of a number of amino acids

using paper chromatography and found that the separation was solely due to the cellulose
stationary phase. The authors reported complete resolution oftyrosine-3-sulfonic acid and
partial resolution of glutamic acid and tyrosine. Several other reports described chromatographic
separation of other amino acids and their derivatives into their enantiomers using the same

~l
~;

I

i~

I

1

[26]

12

support [28-31 1. In 1952, Dangliesh [281, performing enantiomeric separation of phenylalanine
derivatives, observed that 3,4-dihydroxyphenylalanine showed no resolution while closely
related isomers could be separated. These results prompted Dangliesh to postulate that a
necessary condition for chromatographic enantiomeric resolution is the existence of three- point
simultaneous attachment between the resolvable amino acids and the cellulose surface. The
'three-point rule' is still widely recognized in the field of chiral separations today.

Currently, a host of chiral stationary phases are available including cyclodextrins [32],
crown ethers

[33 1,

Pirkle phases [34], proteins [35 1, and cellulose derivatives

[361.

The choice of a

particular chiral phase is dictated by the nature of the enantiomeric compound to be separated.

The Importance of Chiral Separations

Over the past several years, the pharmaceutical industry has recognized the growing
importance of developing optically pure drugs. In extreme cases, it has been shown that one
enantiomer of a drug can have a beneficial effect while its optical antipode can be toxic. As a
result, the industry has turned to techniques such as chiral resolution and assymetric syntheses to
obtain the desired enantiomer of a drug. From a processing standpoint, this requires analytical
techniques to control the chiral purity of the synthesis and the isolated drug. Chiral HPLC is
commonly used for these types of applications.

The HPLC phases currently available for the analysis of chiral compounds are quite
expensive and are often not stable under certain sampling conditions. These limitations often make it
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1

I
~

difficult to analyze the chiral purity of in-process samples, which often contain a complex matrix of

I

impurities and solvents that can destroy the typical chiral column. Furthermore, to separate a pair of

1

i

enantiomers of interest, several chiral phases often need to be evaluated. Therefore, it would be

1

desirable to have alternative chiral phases that are not only inexpensive and rugged over wider range

j

of sampling conditions, but are also tailored to recognize a particular pair of enantiomers.

The research presented in this dissertation focuses on a relatively new class of selective

it
I
I
i

phases known as molecular imprinted polymers (MIP's). For chiral chromatography, MIP's are
prepared by imprinting an organic polymer with one enantiomer of a chiral compound and using
the polymer as a stationary phase to separate a racemate of that compound. MIP's are an

"

1

attractive alternative to traditional phases because they are both inexpensive to synthesize and
extremely stable under most sampling conditions. Further, the selectivity of these phases for a
pair of enantiomers is pre-determined, the imprinted enantiomer always elutes after its optical

J,

antipode. These advantages are prompting further studies of the technique in several laboratories

1

in hope that MIP's can be exploited for commercial applications in the future. This dissertation

1

reviews past MIP studies and applications and outlines the results of several experiments

1

i
i

Ij
~

performed in our laboratory that probe the selectivity of two typical imprinted polymers. Our

~

:I

4

investigation utilizes these polymers as chiral stationary phases and exploits the chromatographic

I

relationships developed above as a convenient tool to explore their selectivity. It is important to

i~

recognize, however, that these studies have been performed with a broader goal than preparing

1

!

novel stationary phases for two compounds. Rather, it is hoped that the insight gained by these

i

investigations will benefit the entire field of molecular imprinting.

I

1j
I

.1

I
~

i

~

J
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Historical- Molecular Imprinting
Introduction
Interest in molecular imprinting, a technique for preparing adsorbents with sites selective
for a particular molecule, is rapidly growing

[37-

38

1. An imprinted polymer is formed by

polymerizing a solution of monomers in the presence of a template molecule. Prior to the
polymerization, a functional monomer is introduced to the reaction mixture that becomes
associated with the template

[39].

This monomer-template complex is then polymerized in the

presence of a crosslinker to lock the orientation of the functional monomer and form a rigid
polymer around the template. The template molecule is subsequently extracted from the
polymer, leaving sites that are complementary in shape and functionality to the template. This
process is schematically represented in Figure 2-1.

Molecular imprinting was first attempted by F.H Dickey in the 1950's [24,40] who

j

I
I

precipitated silica gel in the presence of organic dyes. After removal of the dye, he found that
the silica gel preferentially rebound its 'template'. Following this work, the first successful
enantiomeric separation using imprinted gels was performed [25,41 1. While the imprinting of silica
gel appeared attractive, interest in the field dwindled because the selectivities of these gels,

1
1

II

which were small to begin with, were easily lost [42]. The technique was revived in 1972 by G.
Wulff et al. [431, who covalently imprinted glyceric acid derivatives into a crosslinked organic
polymer. This technique was developed by G. Wulff [44-461 using the covalent approach and K.
Mosbach et al. introduced the non-covalent approach to imprinting shortly thereafter. This
pioneering work is the basis for most of the current research performed in molecular imprinting.
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Figure 2-1 Scheme for Imprinting a Molecule
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This chapter outlines the fundamental aspects of molecular imprinting and describes
several scientific disciplines to which the technique has been applied. It concludes with a focus
on the origins of selectivity of molecular imprinted polymers, the area of molecular imprinting
that is explored in the remaining chapters of this dissertation.

Types of Molecular Imprinting

The key to synthesizing a successful imprinted polymer is achieving reaction conditions
that favor the arrangement of functional monomer around the template during the
polymerization. The method by which this monomer-template complex is maintained during the
synthesis distinguishes the two major types of molecular imprinting that have been developed;
covalent and non-covalent molecular imprinting.

Covalent molecular imprinting
In covalent molecular imprinting, the functional monomer is coupled to the
template molecule by a reversible covalent bond during the polymerization [47-48]. This
approach has been used to produce polymers selective for a host of compounds including
g lyceric acid derivatives [49-50] sugars [51-53] amino acid derivatives [54-55] " ketones [56-58] and
."

aldehydes[59].

One example of covalent molecular imprinting that has been extensively studied is the
preparation of polymers selective for sugar derivatives [51-53]. The functional monomer 4
vinylphenylboronic acid (1) is used as the functional monomer because it undergoes a facile
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esterification reaction [47] with cis hydroxyl groups of sugars and diols. The template-monomer
complex is polymerized with either a di-vinyl benzene (2) or ethylene glycol dimethacrylate (3)

HO

OH

\(

(1)

(3)

(2)

crosslinker to give a solid polymer. After removal of the template, sites are present in the
polymer that have an arrangement of boronic acid groups complementary to the sugar template.
An example of this process is presented in Figure 2-2. The resulting polymers were used in

either batch binding or chromatographic experiments and demonstrated selective binding of the
template in the presence of similar sugars. Similarly, ketones and aldehydes, have been
covalently imprinted by forming ketals

[56-58]

and Schiff bases [59] with the functional monomer.

Non-covalent molecular imprinting
The non-covalent approach to molecular imprinting utilizes functional monomers that
associate with the template through an intermolecular interaction such as hydrogen bonding or
ion-pairing [37]. Methacrylic acid (4) has been commonly used as a functional monomer in noncovalent imprinting because it can undergo hydrogen bonding interactions with acid, ester,

(4)
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Figure 2-2 Covalent Imprinting of a Sugar Derivative [adapted from reference 47].

1

1
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amide, and amine substituents [60-61 1. The templates most commonly used for the study of non
covalent imprinting have been amino acid derivatives

[60-65 1•

To prepare the imprinted polymer,

the template is polymerized in the presence ofmethacrylic acid and crosslinker [48]. As the
polymerization occurs, the monomers become locked into an orientation corresponding to the
hydrogen bonding arrangement around the template. Subsequent removal of the template leaves
a polymer with sites that have a shape and hydrogen bond selectivity for the template
(Figure 2-3).

Applications of Molecular Imprinted Polymers

Prior to a discussion on the background of our research on the selectivity of molecular
imprinted polymers, it is appropriate to first recognize the broad practical potential that
molecular imprinting holds for a variety of areas. Such an understanding provides a strong
justification for all of the current research focused on this technique. Thus, several recent
applications of molecular imprinted polymers are outlined below.

Antibody Mimics / Sensors
Analytical techniques employing immobilized antibodies are often used to selectively
bind and quantify a target compound in a complex sample. Traditional techniques such as the
radioimmunoassay or Enzyme-linked immunosorbent assay (ELISA) indirectly measure
the amount of the analyte-antibody complex formed

[661.

More recently, immuno-sensors have

been developed that directly measure the analyte concentration by monitoring either an
electronic or spectroscopic change that occurs when a biomolecule (antibody, enzyme, etc.)
modified surface binds a specific analyte

[67].

Bioassays are advantageous because they exhibit
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Figure 2-3 Non-Covalent Imprinting of an Amino Acid Derivative [adapted from reference 65]

Extract template
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high specificity and sensitivity for their target compound. Unfortunately, the instability of most
biomolecular selectors in organic solvents and at extreme temperature or pH severely limits the
conditions under which this type of assay can be performed.

Molecular imprinted polymers are very stable and exhibit a binding specificity similar to
that of antibodies

[68],

making them ideal candidates to mimic antibodies in immuno-type assays.

In particular, MIP assays demonstrate excellent recognition in organic solvents, suggesting that
they may complement immunoassays, which must be performed in predominantly aqueous
media. As an example, MAAIEDMA imprinted polymers for theophylline and diazepam were
used as artificial receptors in a radio ligand assay to quantify these drugs in human serum

[691.

In

a manner similar to a traditional radioimmunoassay, the imprinted polymer was exposed to blood
extracts of the target drug spiked with standards of radio-labeled drug. After the competitive
binding of the analyte and radio-labeled analyte to the polymer reached an equilibrium, the
amount of unbound radio labeled drug was determined by scintillation counting and related to the
concentration of drug in the sample. The linearity of the MIP-based assay was acceptable (IlM
range) and the extent of cross-reactivity ofthe polymer with drugs of similar structure (a
measure of selectivity) was comparable to that of an antibody-based system.

Recently, a MIP radioligand assay was applied to the immuno-suppressive drug,
Cylosporin A, to determine the level of this drug in human serum

[70].

The advantage of this

MIP-based system was that it could be used to directly analyze organic extracts of blood, unlike
the traditional immunoassay, which requires evaporation of the solvent and reconstitution ofthe
analyte in a buffer. Although it was observed that the assay could not differentiate between the
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drug and very closely related metabolites, the MIP-based system appears to be a viable and
convenient method for the determination of the total metabolite concentration of Cyc1osporin A
in serum.

Imprinted polymers have also been substituted for biomolecules in the design of several
sensors using either electrochemical [71-73] or optical signal transducers

[74].

For an

electrochemical method, the MIP is immobilized on a conducting surface to achieve an intimate
contact between the electrode and the MIP. The binding of an analyte to the MIP effects a
measurable change in potential or current of the electrode and this response serves as the
detection element of the sensor. Based on this premise, an MIP sensor was fabricated for
morphine by immobilizing morphine imprinted polymer particles on the surface a platinum
electrode

[71].

To measure concentrations of morphine, the potential ofthe electrode was held

above the oxidation potential of drug as it was exposed to a sample solution. After the circuit
reached an equilibrium current, a known amount of an electro-inactive codeine analogue of
morphine was spiked into the system to compete with morphine for imprinted sites on the
electrode. The disturbance caused by the displacement of morphine by codeine resulted in a
peak in the oxidation current that was related to the amount of morphine in the sample. The
measurable concentration range and limit of detection of this MIP sensor was determined to be
0.1-10 Jlg/mL and 0.05 Jlg/mL. Importantly, it was demonstrated that the MIP sensor was stable
at high temperature, extreme pH, and in organic solvents [71].

Several MIP optical sensors have been devised utilizing fluorescence detection. In one
example, an enantioselective fiber-optic sensor was fabricated for a fluorescent compound,
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dansyl-phenylalanine

[74].

The vinylpyridinelMAA based polymer that had previously

demonstrated optimum selectivity for Dns-I-Phe

[75]

was employed in this study. The MIP

particles were immobilized between a nylon net and the quartz window of a fiber-optic device
(Figure 2-4.) and the resulting MIP probe was exposed to acetonitrile solutions of each
enantiomer of Dns-Phe. The probe was capable of distinguishing between the two enantiomers
as evidenced by the significantly larger response generated by the imprint enantiomer at a
particular concentration. The higher affinity of the immobilized polymer for the imprint
enantiomer resulted in an enhanced concentration of this enantiomer at the probe tip and
therefore a larger fluorescent response.

A novel monomer system was used by Turkewitsch et al. [76] to prepare a MIP basedfluorescence sensor for a non-fluorescent biomolecule, adenosine 3':5'-cylic monophosphate
(cAMP) (5). In this application, a fluorescent compound, trans-4-[p -(N,N
Dimethylamino)styrylvinylbenzyl-pyridinium chloride (6) and 2-hydroxyethyl methacrylate

H H
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~
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Figure 2-4. MIP-Based Optical Sensor for Dansyl-I-Phenylalanine [adapted from reference 75]
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(HEMA) (7) were used as the functional monomers to form an imprint of cAMP. ('TRIM'
refers to

2~ethyl~2~(hydroxymethyl)~ 1,3~propanediol

trimethacrylate, a crosslinking monomer).

The incorporated (6) residues resulted in a polymer that was it could be related to the amount of
cAMP present. Because the MIP sensor did not respond to a structurally related compound,
cGMP, and the

non~imprinted

reference polymer did not respond to either compound, the

performance of this MIP sensor was likely a result of the selective binding of cAMP to the
fluorescent imprinted sites on the polymer (Figure 2~5). This type of sensor configuration
suggests that tailor~made fluorescent recognition devices based on MIP's may be achieved for a
host of biological molecules irrespective of their inherent spectroscopic properties.

MIP~based

optical sensors for sialic acid [77-78 1, 9-ethyladenine [791, and chloramphenicol [801 have also
recently been reported utilizing either fluorescence or visible detection.

Solid Phase Extraction

Quantitation of a target analyte in a sample often requires a preparation step that isolates
the target compound from matrix interferences or concentrates the analyte to a level that can be
accurately determined. Typically, the pre-concentrated sample is then isolated from remaining
impurities and quantified in a second step using a chromatographic technique such as HPLC.
Solid phase adsorbents used for the purpose of sample pre-treatment are chosen based on their
ability to selectively retain or elute the analyte of interest. To date, imprinted polymers have
been useful in preparing selective sorbents for several analytes. Table 2-1. lists several analytes
that have been SUbjected to SPE using imprinted polymers.
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Figure 2-5. Proposed Scheme for cAMP MIP Sensor [adapted from reference 76.]
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Table 2-1. Applications of MIP-Solid Phase Extractions

Compound

Reference

Pentamidine

[8] ]

Atrazine

[73,82-86]

Aspartame Derivative

[87]

Sameridine

[88]

Theophylline

[89]

Nicotine

[90]
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The utility of an imprinted polymer as a sample 'clean-up' medium is illustrated in a
report on the determination of a peticide, atrazine (8), in beef liver

[821.

(8)

Crude chloroform extracts of beef liver were applied to a solid phase extraction device
employing an atrazine imprinted polymer as the sorbent. Careful optimization of the wash and
elution solvents applied to the extraction device resulted in significant removal of fats and lipids
from the sample and gave nearly quantitative recovery of atrazine. The eluted atrazine fraction
was then injected on a reversed-phase HPLC column. A comparison oftypical HPLC
chromatograms of polymer purified and un-purified atrazine containing beef liver extracts are
presented in Figure 2-6. Because the major interfering peaks were eliminated, the accuracy and
precision of sub-ppm determinations of atrazine were significantly improved for the purified
(MISPE purified) samples.

In another application, a drug used to treat AIDS related pneumonia, pentamidine (PAM),
was imprinted and the resulting polymer was used to enrich and quantify the drug in samples of
urine

[811.

The imprinted (PPAM) and reference polymers (PBAM) were prepared inside glass

tubes according to the procedure depicted in Figure 2-7. The reference polymer was prepared in
the presence of benzamidine (BAM) to achieve a similar monomer-template interaction during
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Figure 2-6. HPLC Chromatograms of Beef Liver Extracts; 0.1 ppm spike of atrazine before
(A) and after (B) MISPE 'clean-up'. Arrow indicates atrazine peak [82].
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the polymerization and obtain a polymer with randomly distributed carboxyl groups. The
retention and elution of PAM on each column was achieved by controlling the pH of the
mobile phase, thereby controlling the electrostatic interaction between the protonated amidine of
PAM and the carboxylate groups (Figure 2-7) on the polymer. In the procedure, a urine sample
containing PAM was enriched by adjusting the sample to a pH at which PAM is retained (pH=5)
and passing a fixed volume of sample through the column. The concentrated PAM was then
eluted from the column at low pH (2-3) and determined directly by UV detection. For this
method, the imprinted column enriched PAM at least 4 times greater than the reference column
(Figure 2-8). Importantly, the authors noted that the highly selective polymer eliminated most of
the interferences from the sample, thereby allowing for direct determination of PAM upon
elution from the polymer. A secondary chromatographic or immunological step for the
quantitation was therefore not necessary.

Recently, it has also been shown that the high selectivity of an imprinted polymer can be
exploited to remove impurities from a reaction mixture. The desired product of the model
reaction was an N-protected derivative of Aspartame, (a-L,L-ZAPM, 9) [86]. A
vinylpyridine/methacrylic acid polymer was imprinted with the

p isomer ofL,L-ZAPM (10).

The resulting MIP particles were used to extract a crude reaction sample of a-L,L-ZAPM,
containing 59% a-L,L-ZAPM and 19% each of a

Pisomer (reaction impurity) and Z-L-aspartic

acid (starting material, 11). After five extractions of the reaction mixture with the imprinted
polymer, the product purity increased from 59% to 96%. Further, the ability of the imprinted
polymer to 'polish' the product was significantly better than a non-imprinted reference polymer,
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Figure 2-7. Preparation ofMIP Columns for PAM [81)
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Figure 2-8. Desorption of PAM and BAM from PAM-MIP Column [81]
Desorption of PAM with a pH 2 mobile phase from PPAM (solid line) and PBAM
(dashed line). Flow rate: 0.1 mLimin. UV detection: 270 nm. Mobile phase:
acetonitrile/potassium phosphate buffer (0.05 M, 70/30 v/v) .
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which only upgraded the purity of the crude a-L,L-ZAPM to 87%.

Enzyme Mimics / Catalysis

Enzymes catalyze reactions by providing a more energetically favorable pathway for the
reaction to occur as compared to the uncatalyzed system. The catalyst possesses sites that bind a
specific reaction substrate, such as the reactant or a transition state intermediate. Subsequent
interactions between the substrate and functional groups at the active site lower the energy of
conversion of the substrate to product. As a result, the rate of product formation is increased in
the presence of the catalyst. Molecular imprinting have been used to develop polymers
possessing catalytic binding sites [47,48,87-94]. Applying MIP technology to catalysis is
advantageous because the imprinted polymers are simple to produce, are stable

[47]

and can be

tailored to recognize almost any substrate. A molecular imprinted polymer facilitating the
elimination reaction of 4-fluoro-4-(p-nitrophenyl)-2-butanone (12) was synthesized using
methacrylic acid as the functional monomer

[93]:
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F

o

o
-HF

(12)

Several template molecules were evaluated, all of which were similar in structure to the substrate
and contained a complementary base (such as N-benzylisopropylamine) that directed the position
of the catalytic carboxy I group in the 'active site'. All imprinted polymers exhibited moderate
catalytic activity as demonstrated by an enhanced reaction rate relative to the control polymer.
The optimum incubation solvent was found to be acetonitrile containing 45mmolIL imidazole.
This medium facilitated the elimination reaction, presumably because it deprotonated the
carboxyl group ofthe 'active site' and minimized the non-specific interactions between the
polymer and substrate.

Imprinted polymers have been tailored to catalyze the hydrolysis of esters by imprinting a
transition state analogue of the substrate ester [89,94]. For the hydrolysis ofp-nitropheny I acetate
(13), Robinson and Mosbach

[89]

imprinted a phosphate analogue ofp-nitrophenyl acetate (14)

achieve a polymer with catalytic sites complementary to the tetrahedral transition state of ofthe
substrate. Imidazole monomers were used in the synthesis because it is known that imidazole
containing polymers catalyze the hydrolysis of active esters

[95].

However, it was observed that

the imprinted polymer catalyzed the hydrolysis of (13) at a rate 60% greater than that of a blank
polymer prepared in the absence of (14). Moreover, the rate of hydrolysis of (13) in the
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presence of the imprinted polymer was decreased when the template (14) was added to the
reaction as an inhibitor. These observations suggested that cavities specific for the transition
state analogue were formed during the imprinting step and binding of the substrate to these sites
on the polymer facilitated the hydrolysis reaction.

Sellergren and Shea demonstrated that an imprinted polymer can be used to perform an
enantioselective hydrolysis of a Boc-phenylalanine nitrophenylester [92]:

BocNH

BocNH

(15)
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The chiral esterase site (Figure 2-9.) was formed by covalently imprinting (16) with a
MAAIEDMA polymer. Subsequent hydrolysis of the phosphate template afforded a polymer
(PI, Figure 2-17) that facilitated the hydrolysis of the D enantiomer of (15). It was rationalized
that enantioselective binding and hydrolysis occurred due to the complementary arrangement of
the carboxylic acid and catalytic phenol-imidazole groups at the 'active' site. This was
supported by the observation that enantioselective activity was not observed for polymers
prepared with randomly distributed carboxyl groups and without the template molecule.

Reaction Directing / Equilibrium Shifting
Imprinted polymers have also been used for directing the stereochemistry of a reaction.
In one example, Bystrom et al. prepared a covalently imprinted polymer by crosslinking the
template (17) with divinyl benzene [91]. The template was subsequently removed from the
polymer by reducing the ester attachment with LiAIH4, leaving an alcohol moiity near the 'CIT
portion of the imprint. The polymer was treated with additional LiAIH4 to convert the hydroxyl
group to an active hydride, -CH30AIH3-1 after which it was used to selectively reduce (18) at the
C 17 position.

C3
C3

(18)

(17)
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Figure 2-9. Formation of Molecular Imprinted Catalytic Sites for Hydrolysis of (15).
[adapted from reference 92.]
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This contrasted the preferred reduction at position 3 that occurred in the absence of polymer.
These observations suggested that the template (J 7) had created imprinted sites selective for (18)
containing a hydride function close to the 17-carbonyl of the steroid. proximity to the hydride
donor.

Imprinted polymers have also been used to shift the equilibrium of a reaction toward
product by 'trapping' the product as it is formed. This was demonstrated by Ye and Ramstrom,
for the synthesis of Z-a-Aspatame [861. The reaction yield of Z-a-Aspartame was markedly
increased (63%) when the reaction was performed in the presence of a polymer imprinted with
the product as compared to the 'free' reaction (15%) performed in the absence of polymer.

Stationary Phases for Chromatography
The use of imprinted polymer particles as stationary phases in HPLC has been the most
common application for molecular imprinting [51,54,96- 101 1. For chiral separations, perhaps the
greatest advantage ofMIP's as chiral stationary phases is that the elution order of the
enantiomers is predetermined. That is, the imprint enantiomer always elutes after the other
enantiomer. Figure 2-21 shows the separation of racemic Boc-phenylalanine anilide using a MIP
stationary phase imprinted with the L-enantiomer [651. As suggested by the broad peaks, the
efficiency ofMIP columns are poor, especially for the imprint enantiomer. Aside from the
physical irregularities of the MIP particles used to prepare the column, it has been proposed that
the broad peaks are due to slow mass transfer of the analyte at the imprinted sites

[96,101].

This is

likely the case for small sample sizes. However, when large sample sizes are used, the capacity
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Figure 2-10. Chromatogram Showing the Separation of Racemic Boc-Phenylalanine using a
MIP Column Prepared with the L-enantiomer. [adapted from reference 65.]
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ofthe imprinted sites, which is typically small

[1021,

is exceeded, making sample overload (i.e. a

non-linear adsorption isotherm) the primary cause of band broadening and peak tailing [1001.

Factors Influencing Selectivity

To prepare a molecular imprinted polymer by the non-covalent approach, the template
molecule, functional monomer, and crosslinker are dissolved in a suitable solvent. A free radical
initiator is added to the system and the solution is polymerized via either thermal or photolytic
initiation. The template molecule is subsequently removed leaving sites in the polymer with a
functional group arrangement and shape complementary to the original template. The polymer
can then be used to selectively rebind the template itself, or analogs similar in structure to the
template. The relative contribution of the shape and functional group arrangement ofthe imprint
to the observed selectivity has been a subject of several studies [55,57,65,96,104-105). It appears that
both shape and functional group arrangement can playa dominant role depending on the type of
template used.

Functional Group Arrangement vs. Shape Selectivity
For the covalent imprinting of sugars it has been shown that, one, two, or three functional
groups per imprinted cavity give rise to enantioselectivity [1031. This indicates that the 'three
point' rule must be satisfied by a steric or 'shape' interaction for cases of only one or two
functional groups per cavity. Interestingly, for these systems, it was found that 2-point binding,
in general, gives the best selectivity [1031. It has been suggested that covalent three-point
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rebinding processes may be too sterically demanding

[103]

or the kinetics of this process is too

slow to observe maximum selectivity. As a result, it is possible that a combination two-point
binding/steric interaction at the imprinted site is more favorable for selectivity. Nevertheless,
systematic changes in the structure of the rebinding sugar has shown that those with the same
stereochemical arrangement of hydroxyl groups to the original template are most strongly
rebound to the polymer [104-105]. As a result, it was concluded that the functional group the
complementary arrangement of functional groups at the imprinted site is the primary factor
determining selectivity while shape is less important.

For non-covalent molecular imprinting, it may be expected that the rebinding process is
more kinetically favorable as compared to a covalent process. As a result, it is possible that
more points of interaction at the imprinted site will yield better selectivity. This premise has
been demonstrated for the imprintation of one enantiomer of several phenylalanine derivatives
that differed in the number of hydrogen bonding groups that could interact with methacrylic acid
during the polymerization (Figure 2-11) [106]. It was postulated that templates with a greater
number of hydrogen bonding groups could direct more methacrylic acid units to the imprinted
site, leading to a site with greater selectivity. Changes were also made in the rigidity of the
template, assuming that a greater steric rigidity would also lead to sites with better selectivity.
The selectivity of the resulting polymers for the enantiomers of each template is given in Figure
2-11 alongside each structure. Changing the ester substituent to a more rigid amide, able to
undergo stronger hydrogen bonds with methacrylic acid improved the selectivity of the resulting
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Figure 2-11. Imprinting of Several Similar Amino Acid Derivatives

Arrows indicate Points of

Interaction with Methacrylic Acid. [adapted from reference 106.]

a

= 1.3

a =3.7

a =2.0

I

I
NH - 
2

H-bond - 

H-bond

NH2

a =5.7

a = 1.8

43

polymer from 1.3 to 2.0. Further, a change in the alkyl substituent to a more rigid and bulky
phenyl group further increased the enantioselectivity of the resulting polymer (3.7). On the other
hand, placement of an amino group on the phenyl side-chain of the original phenylalanine ester
upgraded the selectivity from 1.3 to 1.8. Finally, a combination of the aromatic amide and amino
group on the side chain increased the selectivity of the polymer to approximately four times that
of the original polymer (1.3 to 5.7). This study clearly demonstrated that the interactive sites are
only partially responsible for enantioselectivity. The steric bulk of the template molecule also
determines the selectivity of the resulting polymers. In an extension of this study [55], it was
observed that an additional amide or pyridinyl group on phenylalanine anilide also improved the
selectivity of the resulting polymers (see below), the effect being substantial in the latter case.

0,=

4.1

0,=

5.1

0,=8.4

It was hypothesized that the pyidinyl group imparts extra rigidity to the template and provides a

strong hydrogen bonding interaction with methacrylic acid during the polymerization, leading to
a polymer with more defined recognition sites.

Rebinding experiments comparing the selectivity of imprinted polymer phases for the
template and sets of enantiomers that differed from the template only by the shape of their
substituents have also been performed in an attempt to isolate the contribution of shape to
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selectivity. Such studies have revealed some conflicting results. In one study [65], the Nprotecting group of the amino acid derivative was varied from the original imprint. In general, it
was noted that the original template gave the best selectivity on its own imprinted polymer.
Also, when the side chain of the amino acid derivative was varied, a similar trend was observed.
F or example, the enantioselectivity of a polymer prepared for a single enantiomer of (19)
demonstrated better enantioselectivity for racemic (19) than a racemate of (20). Based on this
observation, the authors concluded that imprinted site for (19) should be able to accommodate
the sterically smaller (20), yet the better selectivity of the polymer for (19), its own imprint, must
be due to a stabilizing 'fit' of the side chain into the imprinted site.

(20)

(19)

In this study, however, it was not clear if the interactions between the rebinding analyte and the
imprint were also altered by the significant changes made in the shapes of the molecules.

In another report, the effect changing the amide substituent on the selectivity ofMIP's
prepared for amino acid derivatives was explored [55]. In one instance, an opposite trend was
observed to that of the above report. For an imprint prepared for one enantiomer of (21), the
selectivity factor of the polymer for a racemate of (21) was 3.8, while a significantly better
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selectivity factor (4.8) was observed for the enantiomers of a non-imprinted compound that
possessed a less sterically hindered amide substituent (22).

(21)

(22)

In this case, it appeared that (22) had better access to the imprinted site than the actual imprint
and a tight steric fit of the molecule was not as important to the selectivity. We rationalized that
this discrepancy may be due to relatively slow mass transfer kinetics of the imprint enantiomer
with the phase. Since the retention of the enantiomers on this MIP column was assumed to be
controlled by thermodynamics, a possible kinetic contribution may have been ignored.

One of the goals of the first study presented in this dissertation was to address two
concerns alluded to above. First, to study the selectivity of an imprinted polymer, it is necessary
evaluate the kinetics of mass transfer at the imprinted site to ensure that such thermodynamic
phenomena are properly assessed. Also, a thorough study of the mechanism of rebinding of an
amino acid template to its MIP is desirable to elucidate the contributions of both shape and
functional group arrangement on the template to the selectivity of the imprinted site.

In other studies, further evidence suggesting that rigid, multi-functional templates give
rise to highly selective polymers was indirectly demonstrated by the marked enantioselectivity
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factors achieved for polymers imprinted with N-Ac-L-Phe-L-Trp-OMe
cinchonidine

[108]

[107]

(23, a

= 17.8) and

(24, a = 31):

(24)

(23)

The relatively large selectivity factors observed for these molecules suggested that MIP
technology may be particularly useful for preparing selective adsorbents for sophisticated
molecules such as pharmaceutical drugs. Since MIP's may become an important tool for
analyzing drug levels in serum and urine, the goal of the second part of the research presented
within this dissertation was to provide a rational procedure for imprinting a sophisticated drug
compound such that the extent of the selectivity ofthe imprint could be predicted prior to
performing the polymerization.

The selectivity ofMIP's are also dependent on the polymerization conditions. The most
important of these, polymerization temperature, polymerization solvent, and nature of the
functional monomer are described below.
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Effect ofPolymerization Temperature
Elevated temperatures and thermal initiators were initially used for molecular
imprinting

[1091.

O'Shannessy et al. attempted to increase the imprinting efficiency by preparing

an MIP at low temperature (OoC) using ultraviolet initiation [631. The template and functional
monomer used in the study were the l-enantiomer of phenylalanine anilide and methacrylic acid,
respectively. As hypothesized in earlier studies, initial NMR studies confirmed the presence of a
hydrogen bonded complex of methacrylic acid and phenylalanine anilide in the pre-polymer
solution [1091. The polymer prepared at O°C showed a significantly better selectivity (a = 2.28)
for a racemate of phenylalanine anilide than a similar polymer prepared at 60°C (a =1.57), when
both polymers were used as HPLC stationary phases. Other studies have also shown that
imprinted polymers formed at sub-ambient temperatures exhibit larger selectivity factors

[39].

It

is believed that lower temperatures shift the monomer-template equilibrium toward the hydrogen
bonded complex, since the unfavorable entropy change associated with this process contributes
less to the total free energy change at lower temperatures

[391.

As a result, more defined

recognition sites are 'stamped' into the polymer, leading to enhanced selectivity.

Effect ofPolymerization Solvent
The nature of the solvent used for the polymerization also has a dramatic effect on the
selectivity of the resulting polymers. This was demonstrated by preparing several imprinted
polymers for phenylalanine anilide using solvents of varying hydrogen bonding capacity

[llO].

When solvents with relatively low hydrogen bonding capacity (CH2Ch, CH3Cl, benzene) were
used, the resulting polymers exhibited higher selectivity than those prepared in polar, hydrogen
bonding solvents (acetonitrile, dimethylformamide, isopropanol). It has been argued that polar
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solvents, such as alcohols, compete with the functional monomer for interaction with the print
molecule. In these solvents, the hydrogen bonded functional monomer-template complex is
disrupted thereby producing polymers with reduced selectivity [I Ill. The same studies

[110]

also

indicated that the porosity and surface area (as determined by nitrogen adsorption/desorption) of
the polymers strongly depend on the solvent used prepare the polymer. For instance, polymers
prepared in acetonitrile were macroporous with surface areas of approximately 250 m2/g, while
those prepared in chlorinated solvents (i.e., methylene chloride and chloroform) were essentially
non-porous possessing very small surface areas «10 m2/g). However, the latter polymers
demonstrated significant swelling in their solvent (approximately 2: 1 v/v), suggesting that
adsorbates probably have access to larger surface areas than is suggested by the measured
porosity and surface area, which are obtained using dry polymer.

Effect ofFunctional Monomer

The nature and concentration of the functional monomer may be manipulated to enhance
the formation of the monomer-template complex, thereby maximizing the selectivity of the
resulting imprinted polymers. For instance, while methacrylic acid is a versatile hydrogen
bonding monomer, vinyl-pyridine (25) has shown to be a better functional monomer for
imprinting molecules possessing a carboxyl group (751. For example, a dansyl-L-phenylalanine
polymer imprinted using 2-vinylpyridine exhibited larger enantioselectivity (2.20) than a similar
polymer imprinted using methacrylic acid (a = 1.49). Furthermore, when both monomers were
used simultaneously, the resulting polymers demonstrated even better selectivity (a = 3.15). To
explain these results, the author proposed that there is a concerted interaction of both functional
monomers with the imprint molecule in the pre-polymer solution [751. Namely, vinyl-pyridine
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(25)

interacts strongly with the carboxyl group of dansyl-phenylalanine, while methacrylic acid
interacts more strongly with the sulfonamide and amino groups of the template (Figure 2-12).
Thus, using the two functional monomers maximizes the number and strength of the hydrogen
bonding interactions between monomer and template during the polymerization. In the same
study, it was also observed that methacrylic acid provided better selectivity for templates that
lacked a carboxyl group (e.g., Ac-I-Trp-OEt)

[75],

since this monomer is expected to hydrogen

bond with ester and amide functional groups better than vinyl-pyridine.

In other studies, it was observed that the tri-fluoromethyl analogue ofmethacrylic acid
provided polymers with better selectivity than those prepared using methacrylic acid for the print
molecules nicotine and triazine

[112-113].

To explain these results, enhanced acidity of the tri

fluoro monomer resulting in stronger interactions with the basic print molecules during the
polymerization was suggested [113]. However, it has recently been noted that methacrylic acid
provides polymers with better selectivity than tri-fluoromethacrylic acid for some templates [90],
suggesting that a hypothesis relating polymer selectivity to the strength of the acid-base
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Figure 2-12. Proposed Imprinting Scheme for Dansyl-Phenylalanine using Two Functional
Monomers [adapted from reference 75.]
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interactions occurring during the polymerization may be too simplistic or the strength of the
hydrogen bonds between methacrylic acid and the template during the polymerization were
unexpectedly stronger case than those between the template and the tri-fluoro monomer [90].
Since the strength of the hydrogen bonds between the monomers and the template in the pre
polymer solution were not investigated in these studies, no conclusion can be made about this
premIse.

The discrepancies observed in the selectivity of tri-fluoromethacrylic acid imprinted
polymers and the recent observation that acrylamide (26) yielded imprinted polymers with better
selectivity than methacrylic acid for some amino acid derivatives

[37]

suggest that the strength of

o

(26)
the hydrogen bonds between the template and the monomer in the pre-polymer solution must be
empirically assessed before predications on the selectivity ofthe polymers are made.

In the study using acrylarnide as the functional monomer, the authors argued that the
superior selectivity for this monomer was due to stronger hydrogen bond formation with the
template in the polar polymerization solvent [37]. This is not necessarily expected. Based on the
substantially lower acidity of acrylarnide relative to methacrylic acid, it may be argued that the
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latter monomer will more effectively donate hydrogen bonds. Furthermore, several hydrogen
bonding studies and quantum mechanical calculations performed on simple amide and acid
systems (such as formamide, n-methylformamide, formic acid, and acetic acid) do not
unambiguously reveal a definite order of strength for amide-amide, acid-acid, and acid-amide
hydrogen bonds

[114-

118

1. It can be concluded, however, that all of the above hydrogen bonds in

their dimeric forms (two H-bonds between each functional group) are strong hydrogen bonds
with a dimerization energy of> 10 kcallmol.

Based on the argument presented above, we rationalized that the strength of hydrogen
bonds between different monomers and the template in the pre-polymer solution cannot be
predicted without empirically evaluating their strength. This is not only because of the
ambiguities observed for the strength of amide and acid hydrogen bonds, but also because the
steric nature of the template may also determine the number and strength of the hydrogen bonds
formed with a monomer in the pre-polymerization solution.

Thus, in our design of a MIP for a drug molecule, the strength and number of the
hydrogen bonding interactions are more clearly defined in the pre-polymer solution by using an
independent technique, IR spectroscopy. As such, it is believed that better conclusions are
drawn about the strength of these hydrogen bonds and the selectivity of the resulting polymers.

Summary

A variety of applications utilizing imprinted polymers are becoming available alongside a
growing research effort focused on characterizing the fundamental processes underlying the
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selectivity of these phases. The goal of the remaining chapters of this dissertation is to attempt to
address several fundamental aspects of molecular imprinting that are still not thoroughly
understood.
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Chapter 3.
Mechanistic Aspects of Chiral Discrimination
on a Molecular Imprinted Polymer Phase

Summary

The goal of the first part of this dissertation was to describe the interactions, both
selective and non-selective, governing the rebinding of a simple template to its imprinted
polymer. To achieve this goal, an imprinted polymer for dansyl-L-phenylalanine was used as a
HPLC stationary phase. The chromatographic parameters manipulated in this study included
temperature and the structure of the analyte. The temperature studies revealed that the mass
transfer of the imprinted enantiomer with the polymer was sluggish at low temperatures, leading
to a non-equilibrium migration down the column. Conversely, retention of the non-imprinted
enantiomer was controlled by a thermodynamic equilibrium over the entire temperature range of
the study. Variation of the structure of the analyte indicated a single leading interaction between
both enantiomers of dansyl-phenylalanine and the polymer phase; a hydrogen bonding
interaction between the carboxylic acid group of dansyl-phenylalanine and pyridinyl sites on the
polymer. Secondary processes contributing to enantioselectivity were also deduced; a hydrogen
bonding interaction occurring between the imprinted (L) enantiomer and carboxyl sites on the
polymer and a precise steric fit of the amino acid side chain into the imprinted sites. Studies
varying the mobile phase hydrogen bond competitor agree with the results obtained by the
structural studies.

55

Introduction

The polymer used for this study has previously been used as a biomimetic sensor to
selectively bind Dns-L-Phe from its optical antipode

[741.

For this polymer, both methacrylic acid

and 2-vinylpyridine were used as the functional monomers. It was shown that better
enantioselectivity was obtained for this difunctional polymer as compared to similar polymers
prepared using only one of the two functional monomers

[75].

It was assumed that the acid group

of Dns-Phe hydrogen bonds with vinyl pyridine and the dimethylamino and sulfonamide groups
of Dns-Phe hydrogen bond with methacrylic acid during the polymerization [75]. Presumably, the
hydrogen bonding monomers become locked into their hydrogen bonding positions after
polymerization, leaving sites in the polymer that are complementary to Dns-L-Phe.

The Dns-L-Phe imprinted polymer incorporating both acid and pyridine groups was
chosen as a model for our investigations because little attention has been given to the study of
MIP's using multiple functional monomers. We believe that the use of multiple functional
monomers for molecular imprinting will be important in further expanding this technique to
more sophisticated molecules, such as pharmaceutical drugs. In this paper, we explore the types
of interactions, selective and non-selective, occurring between this polymer and its imprint
molecule, Dns-Phe, in an attempt to provide further insight into the mechanism of selectivity on
this difunctional imprinted polymer phase.
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Experimental

Instrumentation
The HPLC system consisted of a Spectra-Physics (Piscataway, N.J., USA) SP-8700
pump and a Waters (Medford, MA., USA) 715 ULTRA WISP autosampler. The column
temperature was controlled by a Neslab RTE-I10 (Newington, NH, USA) recirculating water I
ethylene glycol bath. An Applied Biosystems (Foster City, CA, USA) 908 Fluorescence
Detector (Excitation = 305 nm, Detection < 375 nm.) and a 757 absorbance detector set at 250
nm was used. The chromatographic data analysis was performed using P.E. Nelson (Cupertino,
CA, USA) Access*Chrom software. The statistical analysis of the data were done using Origin
software (Microcal, Northampton, Ma, USA). The FTIR spectrometer was a Nicolet (Madison,
WI) and the particle size analysis was done by image analysis (Leica RMRD) with Qwin
software (Cambridge, UK).

Reagents
The monomers ethylene glycol dimethacrylate (EDMA), methacrylic acid (MAA), and 2
vinyl-pyridine were obtained from Aldrich (Milwaukee, WI). Both enantiomers of dansyl
phenylalanine (Dns-Phe), dansyl-Ieucine (Dns-Leu), dansyl-alanine (Dns-Ala) and dansyl-valine
(Dns-Val) were obtained from Sigma (St. Louis, Mo.). The AIBN initiator was obtained from
Pfaltz and Bauer (Waterbury, CT.).

Synthesis ofDansyl-phenylalanine Methyl Ester
Each enantiomer of dansyl-phenylalanine methyl ester (Dns-Phe-Me-ester) was prepared
by dissolving 300 mg (1.4 mmol) of either L-or D- phenylalanine methylester hydochloride
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(Aldrich) in 100 mL of 70/30 v/v water/acetonitrile in a 500mL roundbottom flask. To this
solution was added 100 mL of3 equivalents (4.2 mmol) of sodium bicarbonate in water. As the
solution was mixed with an overhead stirrer, 1.1 equivalents (1.5 mmol) of dansyl-chloride
(Aldrich), in 50 mL of acetonitrile was slowly added (by syringe over 30 minutes in lOx 5 mL
increments) to the phenylalanine solution. The reaction conversion was monitored by RPLC; the
product peak area versus the total area of the product and phenylalanine peaks was> 90% after
the 30 minute addition period. The reaction was then stirred overnight giving >95% conversion
to product. The solution was extracted with 250mL oftoluene. The toluene layer was
evaporated to dryness to afford the product as a yellow oiL

Synthesis ofNapthyl-Sulfonyl-Phenylalanine
Each enantiomer of napthy I-sulfonyl-phenylalanine (Napth-Phe) was prepared in a
similar manner to that of dansyl-phenylalanine methyl ester using L- and D-phenylalanine as the
substrate and I-naphthylsulfonic acid as the derivatizing agent. After the overnight age, the pH
of the reaction solution was adjusted to 2.5 with formic acid and the product was extracted into
toluene. The toluene layer was evaporated to dryness to afford the product as an oil.

Polymer and Column Preparation
The imprinted polymer was prepared by combining EDMA (65.5mmol), MAA
(l3.09mmol), 2-vinyl-pyridine (13.08mmol), dansyl-L-phenylalanine (1.64 mmol), AIBN
initiator (lOOmg), and 20mL of dry acetonitrile (60ug/mL water by Karl Fischer titration) in a
200mL pyrex bottle. The solution was purged with nitrogen for 5 min. The bottle was capped
tightly and placed in an oven at 55 0 C for 36 hours. The resulting solid polymer was removed
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from the bottle and ground with a mortar and pestle and washed with 2 liters of 10% acetic acid
in acetonitrile. The polymer particles were sized by passing them through 38 and 25IJm sieves.
Approximately 1 gram of the 25-381Jm sized particles was slurry packed (in 10% acetic acid in
acetonitrile) into an HPLC column (15cm x 0.46cm) at - 80mLlmin using a Waters Preparative
HPLC pump (Medford, MA., USA). The remaining particles were washed with methanol, dried
under vacuum, and characterized by Diffuse-Reflectance IR spectroscopy: 3300cm'l (O-H),
1742cm-1 (ester), 1636cm,l (vinyl), 1569cm'l (pyridine), 1550 cm'! (pyridine). The mean
particle size was determined to be 33Jlm by a MicroTrak particle size analyzer.

The imprinted polymer column was connected to the HPLC system and equilibrated with
4% acetic acid in acetonitrile until the system was equilibrated. Each time the mobile phase
composition or temperature was adjusted, the column was re-equilibrated at the new conditions
for at least 60 min. The samples were prepared by dissolving 5 mg of each Dns-Phe enantiomer
in 100mL acetonitrile. A 5 IJI volume of the sample was injected onto the column. Injections of
acetone were used to estimate the void time (to) of the column. For convenience, the retention
factor of each was calculated from the peak maximum instead of the first moment. For cases of
peak tailing, (i.e., for the imprint enantiomer) this method actually underestimates the retention
factor. However, for these studies, only the trend in the retention factor of each enantiomer is
desired over the different chromatographic conditions, so using the peak maximum is justified.

For the structural variation studies, the samples were prepared in a similar manner with
the exception that each enantiomer was dissolved and injected separately.
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Results and Discussion

Typical Chromatograms
The mobile phase used to separate racemic Dns-Phe on the imprinted polymer column
was acetonitrile modified with varying amounts of glacial acetic acid. Figure 3-1. shows the
effect of increasing acetic acid concentration at a constant temperature (60°C). The second
eluting broad peak is the imprinted (Dns-L-Phe) enantiomer. The broadness of this peak
indicates that it undergoes a slower mass transfer with the polymer relative to the non-imprinted
(D) enantiomer [119]. As the concentration of the acetic acid is increased from 4-8%, mass
transfer kinetics increase and the peaks sharpen. At the same time, this increase in acetic acid
concentration results in a decrease in enantioselectivity (from a=4.4 down to a= 2.7). Figure
3-2. shows the effect of increasing temperature at a constant acetic acid concentration. There is a
significant increase in resolution with temperature as a result of faster mass transfer kinetics.

Influence ofSample Size
Prior to the selectivity studies, it was necessary to evaluate the capacity of the imprinted
polymer column for each Dns-Phe enantiomer. It has been shown that imprinted polymers have
a limited capacity [120]. Figure 3-3. gives a plot of retention factor (k) for each enantiomer versus
the logarithm of the weight of Dns-Phe injected. For the imprinted (L) enantiomer, the retention
factor (k) is approximately constant for sample loads between ~30 to 300 ng, after which there is
a smooth decrease in k with further increases in sample size. This behavior indicates that, for
sample sizes above 300 ng, the binding of this enantiomer becomes non-linear [121]as the capacity
of the sites available to this enantiomer is approached. On the other hand, k remains essentially
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Figure 3-1. Chromatograms of Racemic Dansyl-phenylalanine.
a.) mobile phase: 4% acetic acid in acetonitrile; b.) mobile phase: 6% acetic acid in
acetonitrile; c.) mobile phase: 8% acetic acid in acetonitrile; column temperature:
60°C; flowrate: 0.5mLlmin; sample size: 300 ng each enantiomer; detection:
fluorescence- excitation A=305 nm, detection A < 375 nm.

a.

c.

b.
200000
180000

120000
160000

150000

140000

10000

"'c:

120000

::J

0

S

80000
100000

E

100000

C1l

"w

r

-'"

CIS

60000

80000

Q)

a.

60000

40000
50000
40000

20000

..

~-

0

10

20

30

Elution vol (mL)

40

.,.

20000

50

30

Elution vol (mL)

61

40

50

0

~
10

20

30

Elution vol (mL)

40

50

Figure 3-2. Chromatograms of Racemic Dansyl-phenylalanine.
a.) column temperature: 40°C; b.) column temperature: 60°C; c.) column
temperature: 80°C; mobile phase: 8% acetic acid in acetonitrile; flowrate:
0.5mL/min; sample size: 300 ng each enantiomer; detection: fluorescenceexcitation A.=305 nm, detection A. < 375 nm.

a.

b.

C.

laoooo

100000

160000 200000
140000 140000

Ci)

120000 150000

C

5

~

l0000Q -

E

0>

100000

'0;

J:

""til

aoooo -

100000

~

aoooo
00000
50000

JV\.
0

10

20

Elution vol (mL)

30

0

10

..,
20

Elution vol (mL)

62

30

0

~
10

20

Elution vol (mL)

30

Figure 3-3. Effect of Sample Load on k for Each Dansyl-phenylalanine Enantiomer.
Mobile phase: 4% acetic acid in acetonitrile; flowrate: 0.5mLlmin; sample size: 300
ng each enantiomer; column temperature: 60°C; detection: fluorescence- excitation
A=305 nm, detection A < 375 nm.

10;~--------------------------------------~
~

9~
L

8

7

~-

i

Dns-L-Phe

r

1

t

30 ng
/'

6~
L

..Y.

5~
1

/

300 ng

/

'

4~
3~
2
1

Dns-D-Phe

30000 ng

/

t

~,

I

r

I

\

01

1

-1.5

.~--~--~~--~--~--~--~--~--~-~--~~

-1.0

-0.5

0.0

Log (I-Ig)

63

0.5

1.0

1.5

constant for the non-imprinted (D) enantiomer over the same loading range. These results
suggest that there are two distinct types of binding sites on the polymer. There are a limited
number of imprinted sites that bind the imprint enantiomer and there are also non-specific sites
that occupy the bulk ofthe polymer. Apparently, it is at the bulk non-selective sites where the
non-imprinted enantiomer interacts because overloading ofthis enantiomer is not observed. For
further experiments, a sample size of 300 ng of each enantiomer was used to ensure that
overloading effects did not impact the results.

Influence of Temperature
The retention factor (k) can be related to the change in enthalpy (~HO) and entropy (~SO)
of an analyte when moves from the mobile phase to stationary phase in a chromatographic
system by the van't Hoff equation:

1

1

[3-1 ]

where: <D is the phase ratio and T is the absolute temperature. See Chapter 1. for a discussion on
van't Hoff plots.

van't Hoff plots in k were constructed for each Dns-Phe enantiomer at 3 different acetic acid
concentrations (4,6,8% in acetonitrile) between 2SoC and 90°C. The retention factors (k) were
calculated from the peak maxima of each enantiomer. Initially, an assumption was made that the
peak maximum was a point of equilibrium between each Dns-Phe enantiomer and the polymer
phase

[1l91.

A typical plot at 6% acetic acid is given in Figure 3-4. For the non-imprinted (D)
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enantiomer, the plot is a straight line with a positive slope, indicating a favorable enthalpy
j

1,

change (-1.9Kcallmol) when this enantiomer interacts with the stationary phase. On the other

1

hand, a distinct curvature was observed in the van't Hoff plot for the imprinted enantiomer. At

I

higher temperatures (60°C to 90°C), the plot was linear with a positive slope, but leveled off

I
~

1
i
iI
!

below 60°C with a slope approaching zero.

i

I
I

Prior to interpretation of the van't Hoff plots, it was necessary to test the assumption that
an equilibrium exists at the peak maximum of each enantiomer. As shown in Figures 3-1 and

i

3-2, the band profile for the imprinted (L) enantiomer shows strong tailing, which suggests that

II

there may be a kinetic contribution to the retention of this enantiomer [120]. It has been shown
that slow adsorption/desorption kinetics can lead to a non-equilibrium migration of an analyte
down a chromatographic column [121- 1221. For a peak to be at equilibrium, the apparent retention

I

reconstructed at a range of flow rates varying between 0.1 mLimin and 1.5 mLimin. An overlay

j

of these plots is presented in Figure 3-5. For Dns-D-Phe, k is essentially independent of flow

1
1

factor (k) should be independent of the mobile phase flow rate. Thus, van't Hoff plots were

rate over the temperature range studied. Indeed, equilibrium is achieved for this peak and it is

1
therefore reasonable to use the slope of this plot to determine ABo. However, at lower
temperatures, a dramatic difference is seen in the apparent k (kapp ) for Dns-L-Phe at each flow
rate, with a larger kapp observed at lower flow rates. As the temperature is increased, the change
in kapp with flow rate is reduced and at higher temperatures (80°C-90°C), the retention factor
becomes essentially independent of flow rate. The source of non-linearity in the van't Hoff plot
for the Dns-L-Phe was therefore attributed to a strong kinetic contribution to its apparent
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II
!

Figure 3-4. Typical Van't Hoff Plot for Dansyl-phenylalanine Enantiomers:

I

Mobile phase: 6% acetic acid in acetonitrile; flowrate: 0.5mLlmin; sample size: 300
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detection: fluorescence- excitation A=305 nm, detection A < 375 nm.
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retention factor at low temperature. It is only at high temperatures (80°C-90°C), that the mass
transfer of this enantiomer is rapid enough to achieve equilibrium and thermodynamic treatments
become valid. For the structural studies presented below, the experiments were performed at
elevated temperatures (90°C) to ensure that comparison of thermodynamic parameters such as
selectivity (a) and t.\t.\Go are reasonable.

Influence ofStructure
The processes underlying recognition on this Dns-L-Phe MIP was investigated by
performing chromatographic experiments using the imprint molecule and several structurally
related compounds. In an initial study, our goal was to characterize the role interactions at the
carboxylic acid and dimethyl amino groups of Dns-Phe play in the separation process. This
experiment was performed by synthesizing two amino acid derivatives that each prevented
potential interaction at one of these groups. Enantiomers of Dansyl-phenylalanine methyl ester
(Dns-Phe-Me-ester) were synthesized to assess the importance of interaction between the
carboxylic acid group and the polymer. Alternatively, each enantiomer of Nap thy l-sulfonyl
phenylalanine (Napth-Phe) was synthesized to probe the importance ofinteraction at the
dimethylamino group. The capacity factors and selectivity factors for Dns-Phe and these
derivatives are listed in Table 3-1 below the structures of each compound. The results in Table
3-1. indicate that blocking the carboxyl group on the amino acid causes each enantiomer of Dns
Phe-Me-ester to travel through the column unretained. Apparently, interaction between this
group and the polymer is the leading interaction providing retention of the enantiomers. It was
hypothesized that this interaction occurs primarily between the carboxyl group of Dns-Phe and
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.Table 3-1. Effect of Varying the Functionality of the Amino Acid Derivative. Mobile phase:
6% acetic acid in acetonitrile; flowrate: 0.5mLlmin; sample size: 300 ng each
enantiomer; column temperature: 90°C; detection: fluorescence- excitation 1..=305
nm, detection A. < 375 nm.
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pyridinyl groups on the polymer. Two experiments were performed to confirm this hypothesis.
First, a similar MIP was prepared for Dns-L-Phe omitting the pyridinyl monomer in the
synthesis. For a column prepared with this polymer, no retention was observed for both
enantiomers of Dns-Phe under the same mobile phase conditions. This eliminated the possibility
of a leading interaction existing between Dns-Phe and acid sites on the polymer. Further,
Diffuse Reflectance IR experiments were performed on the original polymer. A comparison was
made between the IR spectrum of dry polymer and a spectrum of polymer doped with acetic
acid. The spectrum for the polymer doped with acetic acid showed a distinct shift for one of the
pyridinyl ring stretch bands (from 1590cm"1 to 1600cm-1) as compared to the dry polymer. This
observation is consistent with the hypothesis that pyridinyl groups incorporated into the polymer
are accessible for hydrogen bonding with a carboxylic acid group. Further analysis of Table 3-1.
reveals that the D-enantiomers of Dns-Phe and Napth-Phe have approximately the same retention
factor (k) and enthalpy

(~HO)

of interaction with the polymer (as determined by van't Hoff

plots). However, the retention factor for the L-enantiomer ofNapth-Phe is reduced by 20%
relative to that of Dns-L-Phe. As a result, a 30% decrease is observed in the enantioselectivity
(a) for Napth-Phe.

The above results suggest that the carboxyl group of the amino acid participates in a
leading interaction with pyridinyl groups on the polymer to retain the enantiomers, while the role
of the dimethylamino group is to provide for a secondary cooperative interaction with acid sites
on the polymer. This dimethylamino interaction occurs solely at the imprinted sites to stabilize
the inclusion of the imprinted enantiomer and is unimportant to non-selective binding to the
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polymer. This hypothesis is further supported by the mobile phase modifier studies presented
below.
In a second study, our goal was to assess the importance molecular shape on the
selectivity of this polymer phase. To perform this experiment, the side chain of the amino acid
by using the compounds Dns-Ala, Dns-Leu, and Dns-Val. Changing the side chain of the amino
acid does not alter the potential points of interaction with the polymer, but does change the steric
bulk of the molecule. The retention factors and selectivity factors for Dns-Phe and these
derivatives are listed in Table 3-2. below the structures of each compound.

As shown in Table 3-2., the L-enantiomers of each derivative are selectively retained
over their D-antipodes, suggesting that the L-enantiomers have access to the imprinted sites. It is
also important to note here that the apparent van't Hoff plots for the L-enantiomers (not shown)
ofthese amino acids showed a curvature similar to Dns-L-Phe while plots of the D-enantiomers
were straight lines. This observation suggests that slow kinetics also contribute to the retention
of the L-enantiomers of these compounds. While there is selectivity for these enantiomers, the
selectivity factors are lower than that of Dns-Phe. This is consistent with the results of Kempe
and Mosbach (62), who noted a decrease in enantioselectivity when injecting the enantiomers of
Z-alanine on a Z-phenylalanine polymer imprinted using methacrylic acid as the functional
monomer. Such a loss in selectivity can be due to an improper fit of the side chain into the
imprinted cavities. While the side chain may not interact with the polymer, a tight fit at the
imprinted sites can be a secondary process that enhances the hydrogen bonding interactions at
the imprinted sites.
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Table 3-2. Effect of Varying the Sterics ofthe Side Chain ofthe Amino Acid. Mobile phase:
6% acetic acid in acetonitrile; flowrate: 0.5mLlmin; sample size: 300 ng each
enantiomer; column temperature: 90°C; detection: fluorescence- excitation A.=305
nm, detection A. < 375 nm.
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The difference in the free energy of binding of the two enantiomers (MGO) to the
polymer phase can be deduced from the selectivity factors by the following equation:

[3-2]

The MGo for each amino acid derivative was calculated using eqn. [3-2] and the results are
presented in Table 3-3. By comparing the ~~Go of Dns-Phe and the Napth-Phe, it is seen that
approximately half of the enantioselective energy is lost when the dimethylamino group is
removed from the molecule. This is consistent with the loss of one of two hydrogen bonds (that
are similar in energy) at the imprinted sites. For the derivatives with different side chains, a
reduction in ~~Go of similar magnitude is also observed. Regardless of whether the side chain is
less sterically hindered (Dns-Ala) or more sterically hindered (Dns-Leu) than Dns-Phe (as
determined by the bulk around the

p carbon), enantioselectivity is reduced to a similar extent.

This further supports the premise that a tight steric fit of the side chain enhances the stability of
the hydrogen bonding interactions occurring at the imprinted sites.

Influence ofMobile Phase Competitor
To further investigate the interactions responsible for enantioselectivity, the concentration
of the mobile phase competitor was varied. For these studies, a temperature of 60°C and flow
rate of 0.5 ml/min were used. Under these conditions, it was assumed that retention of the
imprinted enantiomer is dominated by thermodynamics. This assumption is reasonable based on
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Table 3-3. ~~Go for the Enantiomers of Different Amino Acid Derivatives. Mobile phase: 6%
acetic acid in acetonitrile; flowrate: 0.5mLlmin; sample size: 300 ng each enantiomer;
column temperature: 90°C; detection: fluorescence- excitation 11.=305 nm, detection A

< 375 nm.

a

88Go

Dns-Phe

2.2

Napth-Phe

1.5

-570 cal/mol
-292 cal/mol

Dns-Ala

1.3

-190 cal/mol

Dns-Le

1.2

-130 cal/mol

Dns-Val

1.4

-240 cal/mol
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the relatively small difference observed in k at 0.5 ml/min (k=3.3) and 0.1 mllmin (k=3.7) at
60°C.

Initially, the molarity of acetic acid in acetonitrile was varied from O.IM - 1M. Figures
3-6a. and 3-6b. give plots ofk and a respectively for Dns-Phe and Napth-Phe. For both
enantiomers of each derivative, k decreases with increasing acetic acid concentration. This
decrease is expected because retention of the analyte is determined by hydrogen bonding
between the carboxyl group of the amino acid and pyridinyl groups on the polymer. By
increasing the acetic acid concentration in the mobile phase. the strong hydrogen bonding
interactions between the analyte and polymer are diminished as acetic acid competes more
effectively for these sites on the polymer. In addition, these data further support the conclusion
that non-specific interactions occurring between each derivative and the polymer are identical, as
the retention factors for the

D-enantiomer~

of each derivative are similar over the entire acetic

acid concentration range.

The nature of the enantioselective interactions occurring between the analyte and
polymer are further clarified by looking at the dependence of the selectivity factor (a) for each
derivative with increasing acetic acid concentration. For Dns-Phe, Figure 6b. shows an initial
decrease in a with increasing acetic acid concentration between 0.lM-0.7M, after which a levels
off with further increases in acetic acid. For Napth-Phe, a relatively weak dependence of a is
seen with changing acetic acid concentration. It is possible to explain this behavior by
considering the enhanced solvation of the analyte and polymer by increasing the acetic acid
concentration. From the structural studies presented above, it was proposed that a secondary
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Figure 3-6a. Effect of Mobile Phase Acetic Acid Concentration on the k of the Dns-Phe and
Napth-Phe Enantiomers. flowrate: 0.5mLlmin; sample size: 300 ng each
enantiomer; column temperature: 60°C; detection: fluorescence- excitation A=305
nm, detection A < 375 nm.
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Figure 3-6b. Effect of Mobile Phase Acetic Acid Concentration on a. of Dns-Phe and Napth-Phe.
flowrate: 0.5mLlmin; sample size: 300 ng each enantiomer; column temperature:
60°C; detection: fluorescence- excitation A=305 nm, detection A < 375 nm.
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interaction occurs between the dimethylamino group of Dns-L-Phe and carboxyl groups on the
polymer that contributes to enantioselectivity. By increasing the acetic acid concentration, Dns
Phe and the polymer become more solvated with acetic acid. As a result, the enantioselective
interaction between the dimethylamino group and the polymer is reduced, as it becomes more
difficult for this group to lose acetic acid to interact with the polymer. As a result, a significant
decrease in the selectivity is observed. For the Napth-Phe, this enantioselective interaction
cannot occur and while the retention factor decreases with increasing acetic acid, the
enantioselectivity remains essentially unchanged. It is important to note the selectivity factor
for the enantiomers of Dns-Phe appear to level off at higher acetic acid concentration rather than
approach that ofthe Napth-Phe. An explanation of this behavior is not straightforward, but may
indicate that interaction between the dimethyl amino group and the polymer cannot be completely
suppressed or there is also a significant contribution of the shape of the dimethyl amino group to
the enantioselectivity.

In a second study, the retention and selectivity of Dns-Phe was studied using a mixture of
pyridine and acetic acid as the mobile phase modifier. The total modifier concentration was held
constant at 0.52M while the individual amounts of pyridine and acetic acid were varied from 0
0.52M. Figures 7a. and 7b.give plots ofk and a respectively for the enantiomers of Dns-Phe.
Introduction of pyridine to the system results in strong hydrogen bonding between pyridine and
the carboxyl groups on the amino acid and carboxyl sites on the polymer. These interactions
reduce the retention factor of each enantiomer relative to the system with the same concentration
of acetic acid in the absence of pyridine (Figure 6a.). As pyridine is replaced by acetic acid, the
retention factor of each enantiomer is initially reduced. Apparently, the competition between
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Figure 7a. Effect of Mobile Phase Pyridine/Acetic Acid Concentration on the k of the Dns-Phe
Enantiomers. flowrate: 0.5mLlmin; sample size: 300 ng each enantiomer; column
temperature: 60°C; detection: fluorescence- excitation A=305 nm, detection A < 375
nm.
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Figure 7b. Effect of Mobile Phase Pyridine/Acetic Acid Concentration on a of the Dns-Phe
Enantiomers. flowrate: 0.5mLlmin; sample size: 300 ng each enantiomer; column
temperature: 60°C; detection: fluorescence- excitation 1.=305 nm, detection A < 375
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acetic acid and Dns-Phe for pyridinyl sites on the polymer is more effective in eluting the analyte
than solvation of Dns-Phe by pyridine in the mobile phase. This is supported by the fact that
when the acetic acid concentration was reduced to OM (O.S2M pyridine), neither enantiomer
eluted.

Figure 7a. also shows that when the concentrations of acetic acid and pyridine in the mobile
phase become approximately equal

(~O.26M)

and pyridine is no longer in excess, the retention

factor of Dns-L-Phe reaches a minimum while that of Dns-D-Phe levels off. This behavior can
be explained by the differences in solvation pyridine and acetic acid exhibit in the system. At
high pyridine/low acetic acid concentration, the retention factor of each enantiomer is relatively
large because there is little acetic acid to compete with the analytes for the pyridinyl sites on the
polymer. As pyridine is replaced by acetic acid, the retention factors drop as acetic acid begins
to compete for these sites on the polymer. At the same time, the hydrogen bonding between the
pyridine and carboxyl sites on the polymer is reduced, fostering the secondary enantioselective
interaction between the dimethyl amino group of the imprinted enantiomer (Dns-L-Phe) and the
carboxyl sites on the polymer. As a result, a minimum is observed in the retention factor for
Dns-L-Phe as this secondary interaction becomes more pronounced. Based on this argument, it
is expected that the enantioselectivity for Dns-Phe will increase as pyridine is replaced by acetic
acid. Indeed, this is the case, as shown in Figure 7b., which gives a plot of the selectivity factor
ofDns-Phe for this study.

81

Conclusions

Chromatographic experiments performed on a polymer imprinted with Dns-L-Phe using
carboxyl and pyridine functional monomers indicated that the adsorption/desorption kinetics at
the imprinted sites are slow. Structural studies indicated that the leading interaction is between
the carboxyl group of Dns-Phe and the pyridinyl sites on the polymer. Further, interaction
between the dimethylamino group of Dns-Phe and the polymer occurs only at the imprinted sites
and is unimportant to non-selective binding on the polymer. From these data, we propose that
chiral recognition on this polymer is a cooperative process. There must first be a leading
interaction between the carboxyl group of Dns-Phe and the pyridinyl groups on the polymers to
retain the enantiomers. This is followed by secondary stabilizing processes that contribute to
enantioselectivity; interaction at the dimethylamino group and correct steric fit of the amino acid
side chain into the imprinted cavities. We believe that this fundamental study further contributes
to the understanding of the mechanism of chiral separations on imprinted polymer phases, in
particular, one in which multiple functional groups were used to enhance the enantioselectivity.
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Chapter 4
Insight into the Origins of Selectivity of Polymer
Imprinted with a HIV Protease Inhibitor

Summary

The goal of the second part of this dissertation was to systematically investigate the types
of template-monomer hydrogen bonding interactions necessary to achieve a successful imprint of
a molecule. To achieve this goal, several CRlXIVANTM molecular imprinted polymers (MIP's)
were prepared using several alternate functional monomers, each differing in their ability to
hydrogen bond with the drug during the polymerization. The relative strength of these
interactions was assessed by Infrared (IR) spectroscopy. For the IR studies, 'functional
surrogates' of CRlXIVANTM were used because the spectrum of the parent molecule was too
complicated to observe band shifts due to hydrogen bonding. The relative selectivity of the
MIP's for CRlXIVANTM and its enantiomer correlated well with the relative hydrogen bonding
propensities of the functional monomers used to prepare the polymers. The two weak hydrogen
bonding monomers, vinyl pyridine and acrylamide, resulted in polymers with minimal (a = 1.1)
and moderate (a. = 1.6) selectivity while the strong H-bonding monomer, methacrylic acid
(MAA), resulted in a highly selective polymer (a > 14). A control polymer prepared using a
monomer not expected to hydrogen with CRlXIVANTM (MeACRYL) failed to demonstrate
selectivity (a = 1.0). To further explore the origins of the selectivity of the MAA polymer,
binding studies were performed on solutions of MAA and CRlXIVANTM using IR spectroscopy.
Scatchard plots ofthese data indicated distinct 'strong' and 'weak' binding regions
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corresponding to MAA concentrations for which different hydrogen bonding groups on the
template drive the formation of the template-monomer complex. Furthermore, the relative
selectivity of several MIP's prepared using different MAA concentrations was correlated to the
type of MAA-CRlXIVANTM complex present in the pre-polymer solution. These experiments
demonstrate the possibility of using IR spectroscopy as a tool to explore the origins of selectivity
of an imprinted polymer.

Introduction

The most common interaction between the template and functional monomer in the
formation ofMIP's has been hydrogen bonding. The formation of a hydrogen bond can be
regarded as a preliminary step in a Bronsted-Lowry acid-base reaction that leads to a dipolar
reaction product R-X-"'H- y+ -R', where X and Yare atoms of higher electronegativity than
hydrogen (e.g. C, N, P, 0, S, F, Cl, Br, I). Both inter- and intramolecular hydrogen bonding is
possible when X and Y belong to the same molecule. The most important electron pair donors
(hydrogen bond acceptors) are the oxygen atoms in alcohols, ethers and carbonyl compounds as
well as nitrogen atoms in amines and N-heterocycles. Hydroxy-, amino-, carboxyl and amide
groups are the most important donor groups. Strong hydrogen bonds are formed by O-H"O, 0
H"N and N-H"O pairs, weaker ones occur between N-H'N and the weakest are between
groups such as ChC-H"O and ChC-H·N. The strength of a hydrogen bond is roughly ten times
weaker than a covalent bond and about ten times stronger than the nonspecific intermolecular
interaction forces

[123].

spectroscopic features

Hydrogen bonds are characterized by the following structural and
[124]:

(1) The distance between the neighboring atoms involved in the
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hydrogen bond are much smaller than the sum of their van-der-Waals radii. (2) The X-H bond
length is increased and the IR stretching mode is shifted toward lower frequencies. (3) The
dipolarity of the X-H bond increases upon hydrogen bond formation, leading to a larger dipole
moment of the complex than expected from vectorial addition of its dipolar components R-X-H
and Y -R'. (4) Due to the reduced electron density at protons involved in hydrogen bonding, they
are deshielded, resulting in substantial downfield shifts of their IH-NMR. (5) In hetero
molecular hydrogen bonds, a shift of the Bronsted-Lowry acidlbase equilibrium occurs toward
the dissociation of the complex with increasing solvent polarity.

Hydrogen bonding is a major source of interaction between the template and the
functional monomers. Thus, probing these interactions prior to the polymerization may lead to
further insight into the selectivity of the imprinted polymer. Limited work has been done in this
area. Thus far, spectroscopic studies such as IH NMR [109] and UV difference spectroscopy

[125]

have been used to assess interactions between the template and monomers.

CRIXIVANTM is a drug used for the treatment of HIV (human immunodeficiency virus),
the virus responsible for AIDS (acquired immune deficiency syndrome). The molecule (Figure
4-1.) has 5 chiral centers and several potential H-bonding groups, located at the hydroxyl,
amides, piperazine, and pyridine sites. Thus, preparation of an imprinted polymer for
CRIXIVANTM for use as a separation support appeared to be an attractive study.
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Figure 4-1. eRI XIVANTM Molecule
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The goals of this study were to probe the types of monomer-template hydrogen bonding
interactions necessary to achieve a successful imprint of CRIXIVANTM and to thoroughly
characterize those which yielded polymers with the best selectivity. To achieve this goal,
attenuated total reflection IR spectroscopy (ATR-IR) was used to assess the hydrogen bonding
interactions occurring between several alternative functional monomers and fragments of
CRIXIVANTM in solutions similar to those of the polymerization mixtures. The strength and
number of these interactions were then compared to the selectivity of the imprints prepared with
each monomer.

Experimental

Reagents
Methacrylic acid (MAA), 4-vinyl-pyridine (4-VP), acrylamide (ACRYL), methylacrylate
(MeACRYL), ethylene glycol dimethacrylate (EDMA), pyridine, N,N Dimethylpiperazine, t
butylacetamide, and 2-butanol were obtained from Aldrich (Milwaukee, WI). CRIXIVANTM, its
enantiomer, its diastereomers, and hydroxy amide were synthesized and characterized by Merck
and Company's Process Research Department (Rahway, NJ). All solvents, chloroform,
acetonitrile, acetic acid, and water were obtained from Fischer (Raritan, NJ) and were HPLC
grade. AIBN was obtained from Pfaltz and Bauer (Waterbury, CT).

Instrumentation
The HPLC system consisted of a Beckmann System Gold pump and a Waters (Medford,
MA) 715 ULTRA WISP autosampler. The column temperature was controlled by a Neslab
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RTE-II0 (Newington, NH) recirculating water 1ethylene glycol bath. An Applied Biosystems
(Foster City, CA) 757 absorbance detector set 260 nm was used. The chromatographic data
analysis was performed using P.E. Nelson (Cupertino, CA) Turbo*Chrom software. The
statistical analysis of the data were done using Origin software (Microcal, Northampton, Ma).
The IR spectra were collected using a Nicolet IR spectrometer equipped with a diffuse
reflectance apparatus or attenuated total reflectance (ATR) apparatus. All IR spectra were
collected at room temperature (approximately 22°C +1- 2°C).

Polymer Preparation and Characterization

Four polymers were evaluated, each prepared with a different hydrogen bonding
functional monomer (see Figure 4-2): methacrylic acid (MAA), 4-vinyl-pyridine (4-VP),
acrylamide (ACRYL), and methylacrylate (MeACRYL). The polymers were prepared by
combining EDMA (35 mmol), functional monomer (6.lmmol), CRIXIV ANTM (0.87mmol),
AIBN initiator (50mg), and lOmL of dry chloroform (KF=60llg/mL) in a 25 ml glass vial. The
solutions were purged with nitrogen for 5 min and each bottle was capped tightly and placed
under a UV lamp (466 nm) at -16°C (+1- 2°C) for 10 hours. The resulting solid polymers were
ground with a mortar and pestle and washed with 1 liter of 10% acetic acid in acetonitrile
followed by 1 liter of acetonitrile. Quantitation of the washes indicated> 90% incorporation of
each monomer into its respective polymer. A portion of each batch of polymer was washed with
methanol, dried, and characterized by Diffuse-Reflectance IR spectroscopy. MAA polymer:
3300cm- l (O-H), 1742cm- l (ester C-O); 4-VP polymer: 1569cm- l (pyridine), 1550 cm- l
(pyridine). 1742cm-1 (ester C-O); ACRYL polymer: 3300cm-' (N-H), 1650cm-1 (amide C-O),
1742cm- 1 (ester C-O); MeACRYL polymer: 1742cm- 1 (ester C-O).
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Figure 4-2.

Structure of Monomers used for Synthesis of Different Polymers
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Column and Sample Preparation
The polymer particles were passed through 38 and 2S!lm sieves and approximately
1gram of the 2S-38!lm sized particles were suspended in acetonitrile and packed into a 10 x 0.46
cm. HPLC columns. These columns were attached to the HPLC system and washed with 10%
acetic acid prior to equilibration with mobile phase. The samples were prepared by dissolving
CRIXIVANTM, its enantiomer, or diastereomer in chloroform (O.S-I.O mg/ml). A 7-S0!l1 volume
sample (~4-S0!lg) was injected onto the column, the exact amount depending on the experiment.
To evaluate the selectivity of each polymer, separate samples ofCRIXIVANTM, CRIXIVANTM
diastereomer, or CRIXIVANTM enantiomer were injected. For chromatograms showing
resolution between two isomers, both components were injected simultaneously.

ATR-Infrared Spectroscopic Studies
Comparison of Different Functional Monomers
ATR-IR spectroscopy was used to evaluate hydrogen bonding between each functional
monomer and the template in the polymerization solution. In order to study the interaction at
each functional group, CRIXIVANTM was replaced with several representative fragments (Figure
4-3.), each mimicking a potential hydrogen bonding group of the parent molecule. Each
fragment was separately dissolved in chloroform with MAA, ACRYL, or pyridine (representing
4-VP) to achieve a concentration of 0.1 M of each component and the resulting solutions were
analyzed by ATR-IR spectroscopy.

These spectra were compared to spectra of each individual

fragment to identify band shifts indicative of hydrogen bonding and to determine the relative
strength of the intermolecular hydrogen bonds formed with each fragment. This method
provided well-resolved IR bands for all ofthe functional groups in question.
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Figure 4-3 Representative Fragments ofCRIXIVANTM
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Binding Studies of Methacrylic Acid with CRIXIV ANTM
Throughout the study, it was found that the intensity of the carbonyl stretch ofMAA
(1635 em-I) decreased in the presence ofCRIXIVANTM. This behavior was used as basis for
measuring the hydrogen bonding interactions occurring between these two species. The intensity
of the carbonyl stretch was measured for several chloroform solutions of CRIXIVANTM (0.1 M)
containing increasing amounts ofMAA (0-21 mole equivalents). A calibration curve of peak
intensities for solutions of 'free' MAA was used to calculated the effective decrease of the MAA
band due to hydrogen bonding with CRIXIV ANTM, [MAA

qN

[MAA

C = [MAA

'added'] -

'added'] -

(I

Rf)

[4-1]

'Crixivan Bound']

[4-2]

sample /

[MAA

Trixivan Bound']:

where:
q

= effective amount ofMAA 'bound' to CRIXIVANTM.

V

the volume of the solution.

[MAA 'added']

total concentration MAA added to the solution.

I sample

intensity of 1690cm- 1 peak ofMAA in sample.

Rf

slope of calibration curve for intensity

1690cm-1

for solutions ofMAA

without CRIXIVANTM.
C

concentration of 'free' MAA remaining after q moles become bound.

92

1
1

1
,

Binding Equilibria

I

j

I

!

1

I

For this study, MAA can be considered a ligand that binds to multiple hydrogen bonding
sites on CRIXIVANTM. In general, if each site on a substrate possessing n sites demonstrates the
same equilibrium constant for the binding of a ligand, the sites are considered identical and
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independent. In this case, the overall equilibrium is governed by the following relationship that

I
I,

considers the statistical aspect of the binding events

I

[126]:
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where q and C are as described above and,

1

I
l

1

b

n

the equilibrium constant for the binding process.
=

the number of binding sites on the substrate available to bind the ligand.
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I

I

Equation [4-3] can be rearranged into an expression known as the Scatchard plot:

I
1
1

iI

I
!

q/C

- bq + bn

[4-4]

For a substrate with identical and independent binding sites, a Scatchard plot is
linear with a slope of -b and an abscissa intercept of n.

Ifthe binding sites on the substrate are not identical and/or independent, then the
Scatchard plot for the binding process will be curved. When the sites are not identical, the
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equilibrium constant (b) between the ligand and each site is different. In such a case, the
Scatchard plot is curved concave upwards. The sites are considered non-independent when the
binding of a ligand at one site, alters the binding constant of a second ligand at a neighboring
site, producing a continuous variation in the equilibrium constant (b). Ifb increases with
increasing saturation, the process exhibits 'positive cooperativity' and is characterized by a
concave downwards curved Scatchard plot. Ifb decreases with increasing saturation, a 'negative
cooperative' process is operating that is characterized by a concave upwards Scatchard plot [126].

Using the data obtained from equations [4-]] and [4-2] above, a binding isotherm
(q versus C) and Scatchard plot were constructed for various concentrations of MAA in the
presence of a constant concentration of CRlXIVANTM (0.1 M).

Results and Discussion

ATR-IR Studies - Comparison ofthe Hydrogen Bonding Propensities ofDifferent Monomers
Infrared spectroscopy is a convenient tool for identifying and quantifying hydrogen
bonding interactions. The most prominent effects of hydrogen bonding on a peak in the
vibrational spectrum are shifts in the maximum frequency and/or a broadening and change in
intensity of the band at that frequency

[114].

The imprint molecule of this study possesses multiple potential hydrogen bonding
groups, suggesting that it would be an ideal template for molecular imprinting. It was unclear,
however, as to the types of hydrogen bonding interactions that would lead to a successful imprint
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of this functionally diverse molecule. To address this question, several functional monomers
(Figure 4-2) were explored to imprint CRIXIVANTM, each differing in their ability to hydrogen
bond with the template during the polymerization.

As shown in Figure 4-1, we have arbitrarily divided CRIXIV ANTM into three portions for
discussion. Portion 1 of the molecule contains pyridinyl and piperazine groups capable of
undergoing hydrogen bond accepting interactions with monomers and a t-butylamide group that
may participate in both donating and accepting interactions. Portions 2 and 3 of the molecule
possess hydroxy and hydroxy amide groups respectively, that may undergo both hydrogen bond
accepting and donating interactions with the monomers. Our initial IR studies used
representative fragments of CRIXIVANTM (Figure 4-3) to separately assess the ability of each of
these fragments to hydrogen bond with the functional monomers.

Piperazine/Pyridine Groups
For the IR studies, the piperazine and pyridine groups on CRIXIVAN™ were substituted
with the fragments, dimethylpiperazine and pyridine respectively. The IR spectrum of an amine
contains a band in the 2700-2800cm- l region that is associated with the nitrogen lone pair that
disappears when the amine becomes protonated [127]. Therefore, it was postulated that the
corresponding amine band of dimethylpiperazine would be perturbed when it hydrogen bonds
with the donor monomers, MAA and ACRYL. Similarly, for pyridine, two of the
stretches (1585 cm- l and 1600 cm- l

[127])

nng

were expected to be sensitive to hydrogen bonding

between the ring nitrogen and the donor monomers. The pyridine monomer was not considered
in either case because it is not capable of hydrogen bonding with either acceptor group.
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Comparisons of the IR spectra of dimethylpiperazine and pyridine alone and in the
presence of each monomer are presented in Figures 4-4 through 4-7. As shown, only the MAA
monomer affected a significant change in the bands of interest, suggesting that it hydrogen bonds
to the piperazine and pyridinyl groups of CRIXIV AN™ to a greater extent than ACRYL. This
result is not surprising considering that the MAA carboxylic proton is more acidic than the amide
proton of ACRYL.

Hydroxyamidelt-butylamide Groups
An amide can donate or accept hydrogen bonds through its carbonyl oxygen and amide
proton respectively:

C=O..····Donor or N-H····..Acceptor

The IR peak corresponding to the C-N stretch (~151 Ocm- I ) of an amide responds to hydrogen
bonding interactions by undergoing a shift to higher frequencies

r1271.

This criterion was used to

investigate the possibility of hydrogen bonding between each functional monomer and the
hydroxyamide and t-butylamide groups of CRIXIVAN™. Thus, IR studies were performed on
solutions of MAA, ACRYL, or PYR in the presence of either, hydroxyamide or t
butylformamide. These spectra were then compared to the corresponding spectra of solutions of
hydroxyamide or t-butylformamide without monomer to identify perturbations in the C-N stretch
due to hydrogen bonding.
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Figure 4-4. Effect of MAA on Piperazine Infrared Stretch at 2800cm- l : Solvent: chloroform;
concentration: O.1M; Resolution: 1 cm- I ; Scans: 200x.
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Figure 4-5. Effect of ACRYL on Piperazine Infrared Stretch at 2800cm- l : Solvent: chloroform;
concentration: O.lM; Resolution: 1 cm- I ; Scans: 200x.

Piperazine
ACRYL / Piperazine

100
98
96
~

u

94

t:

~
'§
en
§
....

E
1§2

92
90
88
86
84
2840

2820

2800

2780

Wavenumber em'l

98

2760

Figure 4-6. Effect of MAA on Pyridine Infrared Stretches at 1585 and 1600cm- l : Solvent:
chloroform; concentration: O.IM; Resolution: 1 em-I; Scans: 200x.
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Figure 4-7. Effect of ACRYL on Pyridine Infrared Stretch at 1585 and 1600cm- l : Solvent:
chloroform; concentration: O.lM; Resolution: 1 em-I; Scans: 200x.
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Portions of the IR spectra of hydroxyamide alone and in the presence of each monomer
are presented in Figure 4-8. For hydroxyamide, a shift in the C-N peak (1509 ern-I) of 3 cm-!
and 1 cm-! respectively occurred in the presence ofMAA and ACRYL , while no observable
perturbation occurred in the presence ofPYR. It was also possible that the O-H group of the
hydroxyamide hydrogen bonds with each monomer. However, because no perturbations were
observed for the hydroxyamide the O-H stretch (-3570 cm-\ it was assumed that this interaction
was relatively small. A similar hydrogen bonding behavior was observed for the amide group of
t-butylformamide. Thus, it was concluded that the hydrogen bonding strength between the
corresponding amide groups on CRIXIVANTM and the monomers likely follow the order
MAA>ACRYL>PYR.

Hydroxyl Group
To assess the hydrogen bonding behavior of the center hydroxyl group of CRIXIVANTM,
2-butanol was used as a functional mimic. The O-H stretch of an alcohol shifts to a lower
frequency when this group forms a hydrogen bond [1271. Accordingly, the corresponding shift for
2-butanol (-3615 ern-I) was used to observe the hydrogen bonding with each monomer. Indeed,
spectra of solutions of 2-butanol showed a red shift in the O-H band in the presence of each
monomer. The band shifts were 2.5 ern-I for MAA, 1.5 ern-I for PYR, and < 1 cm-! for ACRYL,
suggesting that each monomer forms hydrogen bonds with the hydroxyl group of CRIXIVAN™
and the order of the strength of these bonds is MAA>PYR>ACRYL. The spectra for this study
are given in Figure 4-9.
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Figure 4-8. Effect of Monomers on Hydroxylaroide C-N Infrared Stretch at 1509cm- 1: Solvent:
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chloroform; concentration: O.lM; Resolution: 1 cm- I ; Scans: 200x.
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Figure 4-9. Effect of Monomers on 2-butanol 0- H Infrared Stretch at -3614 cm- I : Solvent:
chloroform; concentration: O.IM; Resolution: 1 em-I; Scans: 200x.
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To test the hypothesis that polymer selectivity is directly related to the strength ofthe
hydrogen bonds formed between the template and the functional monomer during the polymer
formation, several MIP's were prepared for CRIXIVAN™ using each functional monomer
evaluated above. Assuming that the CRIXIV ANTM fragments adequately mimicked the
hydrogen bonding behavior of their representative portions of CRIXIV AN™, it was predicted
that the MAA imprinted polymer would demonstrate significantly better selectivity than the
other two polymers. However, because both ACRYL and pyridine demonstrated comparably
weaker hydrogen bonding by IR, it was difficult to predict the order of selectivity oftheir
corresponding polymers.

Chromatographic Analyses ofthe Polymers
MIP's for CRIXIVAN™ were prepared using the three functional monomers investigated
in the ATR-IR studies. In addition, a control polymer was synthesized in the absence of
functional monomer. For this polymer, methyl acrylate (MeACRYL) was added in the same
proportion as the functional monomers to obtain a polymer with the same crosslinking
percentage. However, since MeACRYL is similar in functionality to the crosslinker EDMA
(both are esters), it was not expected that this monomer would preferentially hydrgoen bond with
CRIXIVANTM during the polymerization.

Selectivity of MAA MIP
The selectivity ofthe MAA polymer was evaluated by injecting each enantiomer of
CRIXIVAN™ on a column prepared with this polymer as the stationary phase. To elute the
enantiomers, acetic acid was a necessary component ofthe chloroform mobile phase.
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Apparently, the interactions between each enantiomer and the polymer are very strong and acetic
acid is required as a hydrogen bond competitor to weaken these interactions and hasten the
elution of the enantiomers. The retention factors (k) and the selectivity factor (ex) for the
enantiomers using this mobile phase are given in Table 4-1. A typical chromatogram is given in
Figure 4-10. Substantial selectivity (ex =14.5) was observed for CRIXIVAN™ and its
enantiomer, indicating that a successful imprint was achieved with MAA

Selectivity of ACRYL, 4-VP, and MeACRYL MIP's
In contrast to the MAA polymer, it was observed the ACRYL, 4-VP, MeACRYL
polymers did not retain the enantiomers (k's

0) using unmodified chloroform as the mobile

phase. This is a result of the relatively weak hydrogen bonding interactions occurring between
the enantiomers and these phases as compared to the MAA polymer. Because these polymers
were prepared in chloroform, this observation initially suggested that the hydrogen bonding
interactions between the monomers and CRIXIVAN™ during polymer formation were probably
too weak to establish an imprint. Nevertheless, it was necessary to retain the enantiomers on
these phases to prove the presence or absence of selectivity. After careful optimization of the
mobile phase conditions, it was determined that the CRIXIVAN™ enantiomers could be retained
on these polymers using 55/45 heptane/chloroform as the mobile phase. Presumably, this
relatively non-polar mobile phase fosters hydrogen bonding between CRIXIV AN ™ and each
polymer.

Table 4-2. compares the retention factors and selectivity of CRIXIVANTM on the
ACRYL, 4-VP, MeACRYL, and MAA polymers using the 55/45 heptane/chloroform mobile
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Table 4-1. Retention Factors (k) and Selectivity Factor a for CRIXIVAN™ Enantiomers on
Methacrylic Acid Polymer. Mobile phase: 2% acetic acid in chloroform; flowrate: 1.0
mLimin; sample size: 50~g each enantiomer; column Temperature: 30°C; detection:
260nm.

k non-imprinted
MAAPolymer

k imprinted
14.5

1.0

106

a
14.5

Figure 4-10. Typical Chromatogram for the Separation of the CRIXIVANTM Enantiomers on the
MAA Column. Mobile phase: 5% acetic acid in chloroform; flowrate: 1.0
mLimin; sample size: 50J.lg each enantiomer; column Temperature: 80°C;
detection: 260nm.
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Table 4-2. Retention Factors (k) and Selectivity Factor a for CRIXIVAN™ Enantiomers on
Various Polymers. Mobile phase: 55/45 heptane/chloroforrn*; flowrate: 1.0 mLimin;
sample size: 4J.lg each enantiomer; column Temperature: 30°C; detection: 260nrn.

k non-imprinted

k imprinted

a

ACRYL

4.6

7.3

1.6

4-VP

1.5

1.6

1.1

MeACRYL

0.8

0.8

1.0

MAA (wi 5% acetic acid)

4.6

27.8

6.0

* Except for the MAA column, for which acetic acid was added to the mobile phase.
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phase. Once again, for the MAA polymer, it was necessary to add acetic acid to the mobile
phase to elute the enantiomers. The ACRYL and 4-VP polymers demonstrated modest
selectivity (1.6 and 1.1 respectively), indicating that imprints of CRlXIVANTM can be formed
with fairly weak interactions. This may be a result of the cumulative effect ofthe multiple weak
interactions occurring between these monomers and the several functional groups on
CRlXIVAN™. While none of these interactions are strong, several moles of monomer can
interact with CRlXIVAN™ during the polymerization and cooperatively 'trap' some ofthe
structural features of the template into the polymer.

The IR experiments suggested that the ACR YL and 4-VP monomers would hydrogen
bond to a similar extent with the amide and hydroxyl groups ofCRlXIVAN™, but only the
forrner monomer could undergo weak interactions with the piperazine and pyridinyl groups.
Thus, it was rationalized that these additional interactions led to sites in the ACRYL polymer
that were more defined than those of the 4-VP polymer, an idea that is supported by the greater
selectivity factor observed for the former polymer (Table 4-2).

The above explanation is further supported by the fact that the polymer prepared with
MeACRYL showed no selectivity (Table 4-2). This polymer was considered a suitable control
for our experiments because hydrogen bonding between this monomer and CRlXIV ANTM was
not expected to be favored in the pre-polymer solution. As a result, this monomer could not

.

orient itself around CRlXIV ANTM during the polymerization. If selectivity had been observed
for this polymer, this would have suggested that an imprint could result by simple
'entanglement' ofCRlXIVAN™ within the backbone of the growing polymer. This is not the
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case, suggesting that an arrangement of hydrogen bonding monomers around CRIXIVANTM
during the polymerization is necessary to achieve a successful imprint.

Comparing the retention factors of CRIXIVANTM for each of the polymers (Table 4-2)
suggests that the backbone of the polymer does not significantly contribute to non-specific
retention of the CRIXIV ANTM enantiomers. This is evidenced by the very small retention factors
observed for the enantiomers on the MeACRYL polymer under the non-polar mobile phase
conditions. Thus, retention of CRIXIVANTM on the imprinted polymers can be attributed to the
hydrogen bonding interactions with MAA, ACRYL, or 4-VP moieties. This observation is
noteworthy, as the performance ofMIP's under non-polar solvent conditions has not previously
been studied and may be important for the future development of the technique. A typical
chromatogram for the ACRYL polymer is given in Figure 4-11.

While it appeared that the MAA polymer was more selective than the other polymers,
comparing the selectivity of these polymers using different mobile phases was not entirely
justified, as the effect of acetic acid and heptane on the selectivity of the polymers was not clear.
As a result, efforts were put forth to identify the effect of acetic acid and heptane on the MAA
separation, so the selectivity factor for this column could be compared to those of the other MIP
columns. To achieve this, the effect of acetic acid on the retention and selectivity of the
enantiomers on the MAA polymer was compared using both 55/45 heptane/chloroform (Figure
4-12) and chloroform (Figure 4-13). In both cases, increasing the acetic acid concentration
causes a decrease in both the retention and selectivity factors of the enantiomers. This behavior

lIO

Figure 4-11. Typical Chromatogram for the Separation of the CRIXIVAN™ Enantiomers on the
ACRYL Column. Mobile phase: 55/45 heptane/chloroform; flowrate: 1.0 mLlmin;
sample size: 4~g each enantiomer; column Temperature: 30°C; detection: 260nm.

III

Figure 4-12. Effect of Acetic Acid on the Retention Factors (k) and Selectivity Factor (a) for the
CRIXIVANTM Enantiomers. Mobile phase: 55/45 heptane/chloroform; flowrate:
1.0 mLimin; sample size: 50llg each enantiomer; column Temperature: 30°C;
detection: 260nm.
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Figure 4-13. Effect of Acetic Acid on the Retention Factors (k) and Selectivity Factor (a) for the
CRIXIVANTM Enantiomers. Mobile phase: Chloroform; flowrate: 1.0 mLimin;
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suggests that removal of acetic acid from either mobile phase (if possible) would only amplify
the greater selectivity observed for the MAA polymer. Further, comparison of the retention and
selectivity factors at 5% v/v acetic acid in each graph shows that non-selective retention of the
enantiomers increases in the presence of heptane, but the selectivity factor (6.0) remains
unchanged. These observations suggest that the MAA polymer is indeed substantially more
selective than the other polymers, regardless ofthe mobile phase used.

Infrared Spectroscopy Studies ofCRIXlVANTM / Methacrylic Acid Solutions.
As described above, IR spectroscopy can be used to observe hydrogen bonding

interactions occurring between each functional monomer and CRIXIVAN™ in the pre-polymer
solution. The relative strength of these hydrogen bonds as observed by IR correlated with the
order of selectivity of the corresponding polymers. Namely, the monomer (MAA) that formed
the strongest hydrogen bonds with the surrogate portions of CRIXIVAN ™ gave an imprint with
the best selectivity. For these experiments, to better assess the hydrogen bonding interactions
occurring at each functional group of CRIXl VAN TM, fragments of the parent molecule were used
to separately observe these interactions. This approach, while a significant simplification of the
actual system, was considered reasonable for the qualitative observations made above. However,
a more rigorous analysis using CRIXIVAN™ was also required to account for the possible
cooperative effects associated with the binding of multiple functional monomers to this multi
functional template. This rationale prompted the second set of IR experiments described below.

To obtain quantitative information about hydrogen bonding in the pre-polymer solution,
several CRIXIVANTM-MAA solutions were examined by IR spectroscopy. We felt that a clear
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understanding of the position of the CRlXIV AN ™ -MAA equilibrium as a function of monomer
concentration could be useful in detennining the number of equivalents of monomer necessary to
maximize the hydrogen bonding interactions with the template. For these studies, methacrylic
acid was chosen as the model functional monomer because it had provided polymers with the
best selectivity and its characteristic carbonyl stretch (~1695 cm- I ) is well resolved from the
multiple bands ofCRlXIVAN™. Figure 4-14. shows the carbonyl stretches for a O.IM
chlorofonn solution of methacrylic acid (1735cm- l , 1695cm- I ). The spectra were taken under
conditions that reasonably mimicked the actual polymerization solution"'. The major (1695cm- l )
and minor stretches (1730 cm- I ) in Figure 4-14 arise from dimeric and monomeric methacry lic
acid species respectively

[127],

each frequency being characteristic of the energy of the carbonyl

stretch for that fonn of MAA:

'Free' (solvated)

c=o

'H-Bond Dimer'

c=o

1735 cm-!

1695

CI1T!

.. EDMA was omitted because it interfered with the spectra. While EDMA likely complicates the hydrogen bonding equilibrium,
we believe that the trends observed by IR for the MAA- CRIXIV ANTM hydrogen bonding are still valid because EDMA is a
relatively weak H-bonding component of the solution.

Il5

Figure 4-14. Infrared Spectra of the Carbonyl Stretches for MAA Solvent: chloroform;
concentration: O.lM; Resolution: 1 em-I; Scans: 200xo
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Comparison of the intensities of each peak suggested that the dimeric fonn predominates, as
expected for concentrated acids (>O.OlM) in non-polar media [127]. When a portion
of the MAA fonns hydrogen bonds with CRIXIVANTM, the above equilibrium will shift away
from the dimer:

'H-bond Dimer'

'Crixivan Bound'

'Crixivan Bound'

+

Along with this perturbation, it was hypothesized that the peak intensity at 1695cm- 1 would
decrease as the carbonyl stretching energy for some of the MAA shifted to a value
characteristic of CRIXIVAN ™ -bound MAA. Figure 4-15 compares the 1695cm-I region of the
IR spectra of O.IM chlorofonn solutions ofmethacrylic acid alone and in the presence of 1
equivalent ofCRIXIVAN™. Indeed, a decrease in the peak intensity (and peak area) is
observed for MAA in the presence ofCRIXIVAN™.

The multi-functional nature of CRIXIVAN™ suggests that the hydrogen bonding
stoichiometry between MAA and CRIXIVAN™ may be greater than unity, depending on the
MAA concentration present in the pre-polymer solution. Viewing this equilibrium as a step
association, each addition ofMAA to CRIXIVAN™ is characterized by a separate equilibrium
constant (b) and the shape of the binding isothenn for this process depends on the relative values
ofb for each step. A binding isothenn for this process was generated by monitoring the intensity
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Figure 4-15. Infrared Spectra of the Carbonyl Stretch for MAA: DAM MAA alone (a);
MAAlCrixivan (b). Solvent: chloroform; concentration: D.IM CRIXIVANTM,
DAM methacrylic acid; Resolution: 1 em-I; Scans: 200x.
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of the 1695 cm-! stretch over a MAA concentration corresponding to -0.5 - 20 mole equivalents
of the CRlXIV AN™ in solution. These intensities were compared to a calibration curve
prepared for MAA solutions without CRlXIVAN™ to calculate an 'effective loss' of the
methacrylic acid dimer due to hydrogen bonding with CRlXIVAN™. From these data, a
binding isotherm (q vs. C) representing the solution binding ofMAA to CRlXIVAN™ was
constructed (see eqn. 4-3.). The calibration curve and binding isotherm are presented in Figures
4-16 and 4-17 respectively.

As shown in Figure 4-17, the binding of MAA to CRlXIV AN ™ extends beyond a 20
fold molar excess of this monomer, confirming that several moles ofMAA associate with each
mole of CRlXIVANTM in the pre-polymer solution.

To further probe the nature of this hydrogen bonded complex, the binding data were cast
into the form of a Scatchard plot (see Figure 4-18). As shown, the Scatchard plot is non-linear,
concave upward, indicating a 'negative cooperative' binding process. That is, the binding
affinity ofMAA decreases as successive moles of monomer bind to CRlXIVAN™. This
observation was not surprising, since it was already shown that the MAA monomer binds to the
several 'functional surrogates' ofCRlXIVAN™ to different extents, a trend that was also
expected for corresponding functional groups on CRlXIVAN™. The IR data supports this
premise as shown in Figure 4-19 which compares the perturbation of the MAA carbonyl stretch
in the presence of the strongest, dimethylpiperazine, and weakest, 2-butanol, hydrogen bonding
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Figure 4-16 Calibration Curve of the Infrared Carboxyl Intensities. Solvent: ehlorofonn;
Resolution: 1 em-I; Seans: 200x.
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Figure 4-17 Binding Isotherm in the Presence ofCRIXIVAN™. Solvent: chloroform;
Resolution: 1 cm- I ; Scans: 200x.
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Figure 4-18. Scatchard Plot for Solution Binding of MAA to CRIXIVANTM: Solvent:
chloroform; concentration: O.lM Crixivan; Resolution: 1 cm- I ; Scans: 200x.
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Figure 4-19. Infrared Spectra of the Carbonyl Stretch for MAA in the Presence of Piperazine
and 2-butanoL Solvent: chloroform; concentration: O.IM; Resolution: 1 ern-I;
Scans: 200x.
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analogues ofCRIXIVAN™. Based on the spectra, there appears to be a significant difference in
the strength of the hydrogen bonds that each group forms with MAA. The corresponding spectra
for the amide and pyridine analogues suggested that MAA interacts with these groups to extents
intermediate to those of the piperazine and alcohol groups.

Closer analysis of the Scatchard plot suggested that it could be divided into two
approximate linear portions separated by a curved intermediate region. The first portion
corresponded to a MAA concentration range for which the hydrogen bonds are strong (0-2
CRIXIV AN ™ equivalents), while the second portion (2-20 equivalents) was indicative of a
relatively weak binding region. As shown, the strong binding region (b

31) corresponds to

approximately one binding site (n= 1, see x-intercept of plot) on the CRIXIVAN ™ molecule. It
was rationalized that this binding must occur at the strongest hydrogen bonding fragment of
CRIXIV AN TM, the piperazine group. Interestingly, only one binding site is calculated even
though the ring contains two nitrogens. It appears that the binding of a single mole of MAA with
one of the nitrogen atoms on the piperazine ring hinders (either sterically or electronically) the
interaction of a second mole of MAA with the second nitrogen. Alternatively, one mole of MAA
may interact very strongly with both nitrogen atoms simultaneously, thereby disallowing the
approach of a second mole ofMAA toward the ring.

The weak binding region of the Scatchard plot (b

0.8) was attributed to interactions of

MAA with the remaining functional groups on CRIXIV AN TM, thus forming a higher order
hydrogen bonded complex. The number of binding sites for this portion was approximately 7,
which is slightly larger than the total number of amide and hydroxyl groups on CRIXIVAN™.
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However, it is possible that multiple moles ofMAA interact with each group, so this number is,
at least, reasonable.

To provide credence for the conclusions made about the Scatchard data, the IR spectra
for each MAA-CRIXIVAN™ solution were further analyzed to identify H-bonding shifts for the
pyridine, amide, and hydroxyl substituents ofCRIXIVAN™. The portions of the spectra
corresponding to the C=C stretch of the pyridine group (l578cm- l ) and the C-N stretch of the
amides (l515cm- l ) at each MAA concentration are presented in Figures 4-20 and 4-21
respectively. As shown, the pyridine stretch shifts smoothly over the entire MAA concentration
range from 1578 to 1585 cm-l. Thus, the hydrogen bond equilibrium for this functional group is
superimposed upon both the strong and weak binding regions of the Scatchard plot, giving rise to
the intermediate region occurring between approximately 2-4 equivalents ofMAA. Conversely,
the spectra for the amide C-N stretch (l515cm- 1, Figure 4-21) showed a relatively abrupt
perturbation at MAA concentrations near the beginning of the weak portion of the Scatchard plot
(~3 equivalents ofMAA), after which a significant shift toward a higher frequency (-1535 em-I)

occurred over the remaining MAA concentration range (3-20 equivalents). This suggests that a
higher order structure of the MAA-CRIXIVAN™ complex is formed within the weak the
binding region, as MAA begins to interact with the amide groups ofCRIXIVAN™. It was
assumed that a weak hydrogen bonding interaction also occurs between MAA and the hydroxyl
group of CRIXIVAN ™ within this region of the Scatchard plot, although the IR spectra were too
complicated to identify a band shift associated with this interaction. The observation that a
relatively weak interaction occurs between MAA and the functional surrogate, 2-butanol (see
Figure 4-19) is indirect evidence that this interaction indeed occurs.
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Figure 4-20. Overlay ofthe Crixivan Pyridinyl C=C Stretch in the Presence of Varying
Concentrations ofMAA: Solvent: chloroform; concentration: O.lM Crixivan;
Resolution: 1 cm-'; Scans: 200x.
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Figure 4-21. Overlay of the Crixivan Amide C-N Stretch in the Presence of Varying
Concentrations of MAA: Solvent: chloroform; concentration: O.IM Crixivan;
Resolution: 1 em' I; Scans: 200x.
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The MAA imprinted polymer used in our initial studies was prepared with a sufficient excess of
MAA (7:1 mol/mol MAAICRIXIVAN™) to achieve the high order hydrogen bonded complex
described by the ATR-IR study above. Accordingly, a scheme representing the structure of the
imprinted sites obtained for this polymer (i.e., 7: 1 MAA polymer) was deduced and is presented
in Figure 4-22. Since the interaction ofMAA with CRIXIV AN™ is an equilibrium process,
there will likely be an excess ofMAA not associated with Crixivan during the polymerization.
This excess MAA is presented in its stable dimeric form in Figure 4-22.

As depicted in Figure 4-22, it is likely that each possible hydrogen-bonded form of the
MAA is incorporated into the imprinted polymer. The MAA units which are associated with
CRIXIVANTM become part of the imprinted sites, while the remainder of the acid units exist as
randomly distributed hydrogen bonded dimers. This is an interesting hypothesis, because it
suggests that the randomly distributed 'non-selective' sites on the polymer will be deactivated
toward interaction with the analyte, a desirable result. Thus, for the MAA imprinted polymer
phase, non-selective adsorption of an analyte far from an imprinted site shou1d be minimal.
Based on this assumption, an analyte that cannot access the imprinted sites would be expected to
have minimal retention on a column prepared with this polymer. The chromatographic data in
Figure 4-13 suggest that this is the case, as the CRIXIVANTM enantiomer is eluted from the
column with a small retention factor (k = 1.0).

To further test the validity of the scheme in Figure 4-22, three other MAA imprinted
polymers were prepared using MAA concentrations corresponding to different regions on the
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Figure 4-22. Proposed Imprinting Originating from the CRIXIVANTM -Methacrylic Acid
Hydrogen Bonded Complex.
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MAA-CRlXIVANTM Scatchard plot (Figure 4-18). Two of the MIP's were prepared using only
1 and 2 mole equivalents ofMAA relative to CRlXIVANTM (1:1 and 2:1 polymers). Unlike the
7: 1 MAA polymer evaluated above, the MAA concentrations used to prepare the 1: 1 and 2: 1
MAA polymers were too small to effect significant interaction between this monomer and the
amide and hydroxyl functions ofCRlXIVANTM. As a result, it was expected that the structure of
the imprinted sites for these polymers would be determined only by interaction of MAA with the
strong H-bonding groups (piperazine and pyridine) on CRlXIVANTM during the polymerization.
Conversely, the third additional polymer was prepared using an excess of MAA substantially
greater (21:1 MAA polymer) than that of the original 7:1 MAA polymer. Thus, it was expected
that the imprinted sites of this polymer would be defined by a H-bonded complex similar to that
of the 7:1 MAA polymer (see Figure 4-22). The retention (k) and selectivity factors (<1) for
CRlXIVANTM and its enantiomer are compared for each polymer in Table 4-3.

Comparison of the data for the 1: 1 and 2: 1 MAA polymers in Table 4-3 (compare
columns 1: 1a and 2: 1a) indicates that the retention factor (k) of each enantiomer is greater on the
2: 1 polymer, while the selectivity factors for these columns are essentially the same. The larger
retention factors for the 2: 1 polymer is expected, as it possesses twice the number of potential
binding sites than the 1: 1 polymer. However, the similar selectivity factors suggest that the
structure of the imprinted sites are similar for each polymer. Thus, it appears that the structure of
the sites formed during the polymerization is independent of the number of points of interaction
between MAA and CRlXIVANTM when these interactions occur at the same region of the
template. It is important to reiterate here that the ATR-IR studies above suggested that the
hydrogen bonding interactions
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Table 4-3. Retention Factors (k') and Selectivity Factor (a) for CRIXIVANTM IEnantiomer on
MAA Imprinted Polymer Columns. Mobile phase: 1-3% acetic acid in chloroform;
flowrate: 1.0 mLimin; sample size: 7 J.tg (1:1, 2:1) or 50 J.tg (7:1, 21:1) each
enantiomer; column Temperature: 30°C; detection: 260nm.

1:1 a

2:1 a

2:1 b

7:1 b

7:1 c

21:1 c

0.2

3.4

0.4

1.0

0.4

1.9

k'

0.7

10.7

0.7

14.5

3.3

15.4

a

3.5

3.1

1.8

14.5

8.3

8.1

SD for a

(0.8)

(0.2)

(0.6)

(1.2)

(10)

(0.4)

MAApolymer
k'

enantiomer

a

Mobile Phase: 1% acetic acid in chloroform

b Mobile

C

Phase: 2% acetic acid in chloroform

Mobile Phase: 3% acetic acid in chloroform
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between CRIXIV ANTM and the first two equivalents of MAA occur solely at the leftmost
portion of the template (i.e., at the piperazine and pyridine groups.).

A distinct contrast is seen when the selectivity of the 2:1 and 7:1 MAA polymers are
compared (compare columns 2:1 band 7:1 b). The selectivity of the 7:1 MAA polymer (14.5) is
nearly one order of magnitude greater than that of the 2: 1 MAA polymer (1.8) under the same
mobile phase conditions. Apparently, when a sufficient concentration ofMAA is present during
the polymerization to hydrogen bond with the entire structure of CRIXIVANTM, the resulting
polymer possesses well-defined imprinted sites of high selectivity. This premise is further
supported by the observation that the selectivity factors for the 7: 1 MAA and 21: 1 MAA
polymers are essentially the same (compare a in columns 7: 1d and 21: 1d). It appears that once
the hydrogen bonding sites on CRIXIVANTM become 'saturated' with MAA, further addition of
MAA to the polymerization mixture does not improve the selectivity of the imprinted sites. This
is reasonable, as it is expected that most of the additional MAA present during the formation of
the 21: 1 polymer cannot interact with CRIXIVANTM and therefore becomes randomly
incorporated within the polymer. This results in larger non-specific retention of the enantiomers
on this column (compare k's in columns 7:1 d and 21:1 d).

The data above and Figure 4-22 suggest that a well defined imprint ofCRIXIVANTM is
formed when enough MAA is present during the polymerization to assemble around the entire
template. This was the case for the 7: 1 MAA polymer. While this polymer demonstrated
marked selectivity for the CRIXIV ANTM enantiomer, probe analytes that are more similar to the
template should provide a more rigorous test of the recognition ability of the imprint.
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Accordingly, three isomers that differ from CRlXIVANTM by the configuration around 1 or 2 of
the stereo-centers were also evaluated. The structures of these isomers are presented in Figure
4-23. The selectivity factors of each isomer relative to the CRlXIVANTM enantiomer are
compared in Table 4-4 for the 7:1 MAA and 2:1 MAA polymers.

The data in Table 4-4 supports the assertion that imprinted sites complementary to the
entire CRlXIVANTM structure are formed only when this molecule is completely surrounded by
MAA during the polymerization. For these data, the isomers with small selectivity factors (near
1) elute close to the enantiomer and are therefore essentially rejected from the CRlXIVANTM
imprinted sites. Conversely, those which demonstrate a selectivity factor closer to
CRlXIVANTM (- 8 and 2 for the 7:1 and 2:1 polymers respectively) must have at least limited
access to the imprinted sites. For both polymers, the selectivity factors for the R-piperazine and
Bis-epi isomers are smaller than the 4-epi isomer, indicating that the 4-epi isomer has better
access to the CRlXIVANTM-imprinted sites on both polymers. The poorer 'fit' of the R
piperazine and Bis-epi isomers is likely due to the opposing configuration of the relatively bulky
t-butyl amide and phenyl substituents versus the small steric change associated with the opposing
hydroxyl group of the 4-epi isomer.

More intriguing, however, is the relative selectivity of each polymer for the 4-epi isomer
and CRlXIVANTM. The 7:1 polymer is substantially more selective for CRlXIVANTM (a

8.3

vs. 2.5), while the 2: 1 polymer demonstrates approximately the same selectivity factor for these
compounds (a -2). As mentioned above, the 7:1 polymer likely incorporates a MAACRlXIVANTM complex that leads to a well defined site selective for the entire structure of
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Figure 4-23. Structures of Various Isomers ofCRIXIVANTM
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Table 4-4. Retention Factors (k) and Selectivity Factor (a) for Various Isomers of
CRIXIVANTM on the MAA Imprinted Polymer Columns. Mobile phase: 2% (2:1),
3% (7:1) acetic acid in chloroform; flowrate: 1.0 mLimin; sample size: 7J-lg (2:1)
50~g

(7:1) each enantiomer; column Temperature: 30°C; detection: 260nm.

MAA polymer 7:1

k

CRIXIVANTM

3.3

R-piperazine isomer

k enantiomer

a

SD fora.

0.4

8.3

(1.0)

0.5

0.4

1.3

(nd)

Bis-epi isomer

0.6

0.4

1.5

(nd)

4-epi isomer

1.0

0.4

2.5

(nd)

MAA polymer 2:1

k

a

SO fora.

CRIXIVANTM

0.7

0.4

1.8

(0.6)

R-piperazine isomer

0.6

0.4

1.5

(0.1)

Bis-epi isomer

0.3

0.4

0.8

(0.1)

4-epi isomer

0.8

0.4

2.0

(0.4)

k enantiomer
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CRlXIVANTM. As a result, significant selectivity is observed between CRlXIV ANTM and the 4
epi isomer even though the latter compound only differs from CRlXIVANTM by the orientation
of a relatively small hydroxyl group. However, for the 2: 1 polymer, it was argued that the
CRlXIVANTM template was only 'held' by MAA at the piperazine and pyridine groups during
polymer formation. As a result, it is likely that the imprints formed for this polymer are less
selective for the remainder of the CRlXIVANTM molecule. Since CRlXIVANTM and 4-epi differ
by only the configuration of a small substituent in the center of the molecule, the sites of the 2: 1
polymer cannot differentiate between these two compounds. The ability of the 2:1 polymer to
recognize the bis-epi isomer suggests that the imprinted sites of this polymer possess some shape
selectivity for larger substituents. However, it appears that the sites for this polymer are less
defined than those ofthe 7:1 polymer.

Conclusions

Several monomer systems were evaluated for imprinting the HIV Protease Inhibitor,
CRlXIVANTM. Attenuated Total Reflectance-Infrared Spectroscopy was used to observe the
hydrogen bonding interactions between functional analogues of CRlXIVANTM and each
monomer. The order of selectivity of the resulting imprinted polymers correlated well with the
number and strength of the hydrogen bonds occurring between these analogues and each
monomer in the polymerization solution. The MAA functional monomer provided an imprint
with the best selectivity and was subject to further study by IR spectroscopy. IR spectroscopic
studies probing the MAA- CRlXIVANTM hydrogen bonding equilibrium suggested that a molar
excess of MAA near 7: 1 relative to CRlXIV ANTM is necessary to achieve an imprint with
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maximum selectivity (14.5). This concentration provided a hydrogen-bonded arrangement of
MAA around the entire template structure. Imprinted polymers prepared with lower
concentrations of MAA (l : 1 and 2: 1 mol/mol MAA:CRlXIV ANTM) demonstrated substantially
lower selectivity factors because insufficient amounts of MAA were present during the
polymerization to assemble around the template to completely 'capture' all of its structural
features. On the other hand, a polymer prepared with substantially larger concentrations, 21: 1
mol/mol MAAlCRlXIV ANTM demonstrated similar selectivity to the 7: 1 polymer, but greater
non-specific binding of the CRlXIVANTM enantiomers. This likely occurred because the
CRlXIVANTM hydrogen bonding sites are saturated with MAA at concentrations near 7: 1
mol/mol MAAI CRlXIVANTM and most of the additional 14 equivalents of MAA become
randomly incorporated within the polymer.

These studies suggest that an optimal functional monomer and monomer concentration
exist for a MIP template to obtain a polymer with maximum selectivity. Thus, for the
development ofMIP technology, it is desirable to have a convenient method such as IR
spectroscopy to assess the strength of the interactions occurring between a template and
monomer prior to polymer formation to arrive at an appropriate monomer system for the
template of interest.
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Chapter 5.
Overall Conclusions

Recent research in molecular imprinting has focused on two primary goals; achieving an
unequivocal fundamental description ofthe imprinting process and applying the technique to a
variety of chemical problems. While numerous achievements have been made, the complexity
of imprinted polymer systems renders both of these tasks challenging. This dissertation has
outlined several studies that are a positive contribution to an expanding research effort focused
on understanding the selectivity of MIP systems.

The mechanism of selectivity of an imprinted polymer prepared for dansyl-L
phenylalanine was investigated. The selectivity ofthe imprint is determined by two factors; the
structure of the imprint achieved during polymer formation and the conditions under which the
imprint rebinds dansyl-L-phenylalanine. Both of these processes are governed by hydrogen
bonding interactions between the template and the functional groups used to prepare the
imprinted polymer. For the rebinding of dansyl-L-phenylalanine to its imprint, it appears that
selectivity occurs by a cooperative process that involves a correct steric 'fit' of its structure into
an imprinted cavity that, in tum, provides for interaction with complementary functional groups
inside the cavity. Thus, compounds that differed from the template in shape or functionality
could not undergo strong interactions at the imprinted sites and were only weakly bound to the
polymer. Further, solvents may be introduced during the rebinding step (the solvent was the
mobile phase competitor in this study) that compete with the template for interactions at the
imprinted sites and therefore alter the selectivity of the polymer.
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Construction of the imprinted sites during the polymerization step, as shown for a
CRIXIVAN™ template, requires the presence of strong interactions between the template and
the monomers to be incorporated within the polymer. It was shown that the functional monomer
must interact with the template at several points around its structure to maximize the selectivity
of the resulting polymer. It appears that this requirement results in imprinted sites that are highly
defined for the entire template structure. Thus, to achieve an imprint with maximum selectivity,
the nature and concentration of the functional monomer in the pre-polymer solution must be
optimized for a particular MIP system. Spectroscopic methods such as IR and NMR
spectroscopy are useful tools for arriving at an optimal polymer solution for a template molecule
of interest.

The field of molecular imprinting has brought exciting challenges to chemical researchers
and holds tremendous potential for several areas of chemistry. MIP's are especially valuable to
the field of chiral separations. It is our hope that the work presented within provides further
motivation to embrace MIP's as practical alternatives to traditional chiral phases.
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